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Abstract 
 
Porphyrins are vital macrocycles in nature, essential for light harvesting in plants and 
transportation of oxygen through the body.  Porphyrin dimers connected by conjugating 
bridges based on naturally occurring systems have been studied extensively for their 
applications as mimics of light harvesting, molecular wires, and dyes in dye-sensitised 
solar cells, among many others.  It is therefore of interest to determine the bridging unit 
that allows the most efficient electronic communication between two porphyrin 
macrocycles. 
This project aimed to synthesise a series of five porphyrin dyads with differing two-atom 
bridges.  The ethene, ethyne, imine and azo dimers of 5,10,15-triphenylporphyrinato-
zinc(II) were successfully synthesised, although the ethane dimer has not been achieved 
to date.  In the synthetic process, a number of novel monomers were synthesised and 
characterised, as well as a novel ether-linked dimer, a novel butadiyne-linked dimer and 
a number of novel imine-linked dimers.  Spectral data of the four target dimers in 
toluene were compared within the series to determine the efficacy of the electronic 
communication through the bridging unit.  Selected data were also compared with 
theoretical calculations. 
The synthetic yield of the ethene dimer was improved greatly on the previously reported 
Suzuki method, and was achieved by a double Stille coupling.  Synthesis of the ethyne 
dimer was also achieved by a double Stille coupling using an ethynyl stannane, although 
the reaction conditions have yet to be refined.  Successful synthesis of the imine dimer 
was a long time coming, but eventually synthesis by Lewis-acid-catalysis was achieved.  
The azo dimer was synthesised according to the previously reported copper-catalysed 
procedure, with improved yield and purity. 
Analysis and comparison of the 1H NMR spectra, UV/visible absorption and 
fluorescence emission data as well as comparison of the absorption data with theoretical 
calculations are discussed.  The 1H NMR spectra all have downfield β-protons, which is 
as expected for conjugated dimers connected by short bridges.  The UV/visible 
absorption spectra of the ethyne and azo dimers in toluene exhibited the largest Soret 
band splitting, and the azo dimer recorded the lowest energy Q band.  The fluorescence 
intensities of the azo and imine dimers were found to be greatly diminished in 
comparison with the ethene and ethyne dimers. 
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Through comparison of the spectral data, and study of the calculated frontier orbital 
eigenvalues of the dimers, the azo link was found to be the most effective bridging unit.  
The lack of sterically hindering protons on the bridging unit and continued sp2 
hybridisation through the nitrogen atoms give rise to the superior conjugation.  The 
ethyne dimer is second most efficient, as it also lacks sterically hindering bridge protons, 
although the sp hybridisation of the carbon atoms is not as effective.  The imine and 
ethene dimers are similar in their ability to extend the conjugation between the two 
porphyrin rings, as they both have rather twisted minimum-energy conformations. 
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1 Introduction 
1.1 Basic Structure and Properties of Porphyrins 
Porphyrins are marvellous macrocycles.  They have vast, tuneable and significant 
properties that have continued to allure scientists for over a century.  One of the more 
outstanding properties of porphyrins is their intense absorption of visible light.  Even the 
name porphyrin comes from the Greek word porphura, meaning purple.[1] 
 
1.1.1 Porphyrin Structure 
The porphin(e) structure in Figure 1.1 was first proposed in 1912 by Küster, yet it wasn’t 
accepted for another 17 years, as such a large ring was believed to be unstable.[1]  This 
was changed in 1929, when heme (1) was synthesised by Hans Fischer from pyrrolic 
starting materials.[1]  Porphin or porphine refers to the unsubstituted macrocycle, while 
porphyrin describes the class of molecules in more general terms, and the whole family 
of related macrocyclic oligopyrrole pigments are described as porphyrinoids.  
Porphyrins generally have substituents attached to the carbons around the ring and may 
coordinate metal ions through the nitrogen atoms in the centre.  The outer carbon 
positions are given the general labels α, β and meso, as well as a more formal IUPAC 
numbering system, in Figure 1.1. 
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Figure 1.1  Porphin(e) 
The alternating double and single bonds, or conjugation, are the basis of the light 
absorption and stability of the ring.  Although there are 22π electrons in the macrocycle, 
conventionally only 18π electrons are proposed to contribute to the aromaticity, allowing 
the remaining two double bonds to behave more like isolated double bonds, as can be 
seen in Figure 1.2. 
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Figure 1.2  Aromatic ring current 
Generally the rings are almost planar, however coordination of metals can cause various 
distortions of the macrocycle, without having an effect on the aromaticity.[1]  Nickel(II) 
is an example of this, as it is too large to fit perfectly inside the central cavity, so the ring 
is bent out of planarity to maximise the nickel-nitrogen binding.  In the absence of a 
metal, the pyrrolic nitrogen atoms in the centre of the macrocycle can be acidic or basic 
through protonation or deprotonation, both of which influence the wavelengths of light 
absorbed.  Porphyrin structure is very important because small changes can have 
significant effects on the properties and function, especially in biological systems, as 
described in the next section. 
 
1.1.2 Porphyrins in Nature 
The English poet John Donne once wrote, “Why grasse is green, or why our blood is red 
are mysteries which none have reached unto”.  This may have been true at the time, but 
scientists have since discovered that porphyrins are the substances behind these age-old 
mysteries. 
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Heme (1) is an iron porphyrin that is the active site of hemoglobin proteins in blood, 
giving the characteristic deep red colour.  It is also found in other “hemoproteins”, such 
as myoglobin, cytochrome and catalase.  Heme is responsible for the oxygen and carbon 
dioxide transportation by hemoglobin throughout the body.  It contains eight alkyl β-
1 
  
3 
substituents and a coordinated iron(II) atom.  In most mammals, hemoglobin contains 
four subunits, each containing one heme, enabling the protein to carry up to four oxygen 
molecules.  Myoglobin is a protein found in muscle that binds oxygen more tightly than 
hemoglobin, allowing it to extract oxygen from the blood and store it effectively.[2]  The 
heme in cytochromes is very similar to that of hemoglobin, except the iron transports 
electrons rather than oxygen; between ubiquinone and oxygen.[2]  Catalase is a common 
enzyme which catalyses the decomposition of hydrogen peroxide, producing water and 
oxygen.  This protects the cells from oxidative damage by reactive oxygen species.  All 
of these hemoproteins are vital for everyday processes of living cells. 
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The “green of grasse” is attributed to chlorophyll found in the photosystems of plants.  
Without photosynthesis, life as we know it would cease.  Photosynthesis supplies the 
oxygen required for respiration and most of the energy needed to sustain life.  
Chlorophyll macrocycles are reduced forms of porphyrins and found in the 
photosynthetic reaction centre.  Chlorophyll a (2a) absorbs light of 430 nm (blue) and 
664 nm (red), strongly reflecting green wavelengths, so appears green.[3]  Chlorophyll b 
(2b) is much less abundant, and is typically found in conjunction with chlorophyll a in 
plants that prefer shade.  It absorbs light of 460 nm (blue) and 647 nm (orange), so the 
plant is able to make use of more of the light that falls upon its leaves.[3] 
The photosynthetic reaction centre in Figure 1.3 is found in the thylakoid membrane of 
the palisade mesophyll cells of most plants.  It is surrounded by a large number of 
organised antennae chlorophyll molecules that transfer the light energy onto the special 
pair, highlighted in orange.  The special pair can also absorb light, and the incident or 
transferred excitation causes it to donate an electron that is then passed down an electron 
transport chain, reducing NADP+ to NADPH.  The donated electron is then replaced by 
the oxidation of water to oxygen and the energy is stored as ATP in the process, with the 
overall reaction given below.[4] 
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2H2O + 2NADP+ + 3ADP + 3Pi + light → 2NADPH + 2H+ + 3ATP + O2 
 
Figure 1.3 Cofactors of the photosynthetic reaction centre; reproduced with permission[5] 
The slight differences in the structure of heme (1) and chlorophyll (2a,b), such as a 
partially reduced ring, varied substituents, and different metal ions allow them to have 
vastly different biological importance.  Many naturally occurring porphyrins and their 
processes are being explored, through synthetic models or investigation of the natural 
system.  The function of chlorophyll in the photosynthetic reaction centre is of great 
research interest, especially in suggesting synthetic porphyrins capable of imitating the 
biological process.  Many studies have involved the synthesis of molecules to emulate 
the function of the special pair[6] or multi-porphyrin light-harvesting arrays that undergo 
rapid electron or energy transfers.[7] 
 
1.1.3 Synthetic Porphyrins 
To overcome the challenge of troublesome synthesis that complex naturally occurring 
porphyrins present, synthetic porphyrins of much higher symmetry are often used for 
fundamental studies.  This has led to advances in the understanding of natural processes, 
as well as the discovery of other applications for synthetic porphyrins.  The first 
synthetically prepared porphyrin was heme in 1929, by Fischer and co workers.[8]  Since 
then, a myriad of synthetic porphyrins have been accomplished with varying methods.  
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The simplest porphyrins to synthesise are those with symmetrical substition.  These are 
usually produced from substituted pyrroles and arylaldehydes or dipyrrolic precursors. 
Synthetic porphyrins have found many applications in the fields of medicine, molecular 
electronics and supramolecular chemistry as well as other more fundamental areas.  
Medically, porphyrins have found importance in their role as photosensitizers in 
photodynamic therapy.  An example of this is “Verteporfin” (3) which is used to treat 
macular degeneration in conjunction with laser treatment.[9]  The use of porphyrins in 
molecular electronics has included their use as dyes for dye-sensitized solar cells;[10] 
arrays of porphyrins covalently linked as molecular wires;[11] and as mimics of the 
naturally occurring photosynthetic systems,[6b, 6d, 7c] to name a few.  Porphyrins have 
been used as building blocks in supramolecular chemistry as well as chirality sensors.[12]  
The studies of fundamental light absorption and emission are of great interest, as they 
can allow insight into the electronic properties of the porphyrin in question. 
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Through the vast number of studies conducted and the information they have presented, 
specifically designed systems can be prepared for intended applications.  Strict 
manipulation of the desired properties is possible by strategic design and synthesis, 
leading to new materials tailored for specific needs.  In this thesis, the properties of 
interest are those of light absorption and emission, and these properties of porphyrins 
will now be described. 
 
1.1.4 Absorption Spectra of Porphyrins 
Porphyrins are exceptional absorbers of visible light.  This is evident from their intense 
colours.  The UV/visible absorption spectrum of a porphyrin depends on its substituents, 
the presence or absence of a metal ion, and the nature of the metal ion.  Martin 
Gouterman developed the four orbital theory to explain the experimental data of 
3 
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porphyrinoid electronic absorption in the early 1960s.[13]  In this theory, the four orbitals 
are the two highest filled, HOMO and HOMO-1 (a2u and a1u) and two lowest unfilled, 
LUMO and LUMO+1 (both eg), see Figure 1.4.  For simplicity, the symmetry group is 
shown as D4h, however the exact energies of the orbitals depend on the substituents and 
metal ion present.  As light is absorbed by the porphyrin, electrons are excited from the 
HOMOs to the LUMOs. 
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Figure 1.4 (i) Four frontier π orbitals of a symmetrical metalloporphyrin; (ii) Transitions; 
 (iii) Spectroscopic states after interaction 
In the case of a symmetrical metalloporphyrin, the LUMO orbitals are degenerate and 
the HOMO orbitals are very close in energy, resulting in transitions of similar energy 
and the same symmetry (see Figure 1.4(ii)).  The transitions interact via configuration 
interaction, forming two new spectroscopic states, a lower energy state that is forbidden 
(destructive interference), and a higher energy state that is strongly allowed (constructive 
interference), as shown in Figure 1.4(iii).  The high-energy allowed state gives rise to an 
intense band at the blue end of the spectrum, denoted the Soret band (Figure 1.5(i)).  The 
low-energy forbidden state gives rise to two Q bands of much lesser intensity towards 
the red end of the spectrum.  These two bands arise from the transition of electrons from 
the lowest ground state to different vibronic levels of the excited state.  The principal 
effect of a metal on these transitions is the conjugation between the π electrons of the 
ring and the π* orbital of the metal.  When a more electropositive metal is present, the 
energy of the orbital increases, resulting in the spectrum shifting further into the red and 
intensification of the Q band(s).  In the case of a free base porphyrin, the opposite 
pyrrolic protons stabilise the 18-membered conjugation pathway which causes the two Q 
bands to split, and four bands are observed.[13] 
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Porphyrins are commonly substituted on the β or meso carbon positions.  It has been 
shown that aryl substituents in the meso positions have limited effect on the electronic 
properties due to minimal π overlap between the porphyrin and aromatic ring because 
the substituents are often in a different plane to the porphyrin.[14]  This is also the case 
for directly-linked porphyrin dimers, as the conjugation is disrupted by the non-
planarity.[14]  Porphyrin dimers that are linked via conjugating bridges, on the other hand, 
have been shown to have maximum electronic coupling when meso-meso connectivity is 
employed over meso-β or β-β.[15]  In this case, the planarity is conserved, promoting the 
π overlap.  Dimers connected through meso-β or β-β tend to assume a more orthogonal 
conformation due to steric interference between substituents.[14]  The enhanced electronic 
communication for the meso-meso linked dimers is also due to the larger frontier orbital 
coefficients for the most part being present at the meso positions.  This gives an 
incentive to investigate meso-meso linkages within porphyrin dimers or oligomers. 
 
 (i) (ii) 
Figure 1.5 (i) Metalloporphyrin absorption spectrum; (ii) Dimer metalloporphyrin absorption spectrum 
There are three key differences between the absorption spectra of conjugated porphyrin 
dimers when compared to analogous monomers.  The first is that the Soret band is split, 
as seen in Figure 1.5(ii).  Secondly, the Q bands are intensified, and lastly they are 
shifted to lower energy (“red-shifted”).  The degree of splitting, intensification and red-
shifting can all give information regarding the efficacy of the electronic communication 
between the two rings. 
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1.1.5 Emission Spectra of Porphyrins 
As porphyrins are such proficient absorbers of light, they also need to release the energy 
as they return to their ground state configuration.  When this includes the emission of 
light through fluorescence or phosphorescence, it is referred to as luminescence.  Much 
of the pioneering work for porphyrins in this field was conducted by Becker and 
Allison.[16]  They reported emission at low temperature for transition metal complexes of 
mesoporphyrin IX dimethyl ester.  The work was later expanded by Gouterman and co-
workers who published theoretical calculations and luminescence data for a number of 
metallated porphyrins.[17] 
Figure 1.6 is a Jablonski diagram for an organic molecule originally in the ground state 
(S0).  When the molecule absorbs light, the higher-energy excited states (S1 or S2) 
become populated with electrons.  Vibrational relaxation and internal conversion back to 
the lowest level of the excited state then occurs, before non-radiative decay or 
fluorescence back to the ground state (S1 or 2→S0); or inter-system crossing to an excited 
triplet state (S1→T1) takes place.  If inter-system crossing occurs, the molecule then 
undergoes vibrational relaxation and internal conversion before non-radiative decay or 
phosphorescence allows the molecule to return to the ground state (T1→S0).  Planarity, 
rigidity and degree of delocalisation of the p orbitals all have an influence over the 
intensity of the luminescence.  Often aromatic molecules that are weakly fluorescent or 
nonfluorescent are strongly phosphorescent.[18] 
 
Figure 1.6 Jablonski diagram of excitation and emission.  Radiative processes in solid lines, non-radiative 
processes in dotted lines[19] 
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Free-base and zinc(II) porphyrins exhibit fluorescence and low temperature 
phosphorescence, while nickel(II) porphyrins don’t show any luminescence.[20]  The 
non-luminescent behaviour of Ni(II) is attributed to the low-energy (dd) singlet excited 
state which allows rapid internal conversion.[20]  The general profile of a fluorescent 
porphyrin emission spectrum can be seen in Figure 1.7. 
 
Figure 1.7 General profile of porphyrin fluorescence emission 
The emission spectrum usually consists of a larger peak [Q(0,0)] which is the emission 
from the first excited state, and the vibronic overtone [Q(0,1)] when excited at the Soret 
band.  The emission spectra are typically used to determine the excited-state lifetimes, 
quantum yields and Stokes shift of a fluorescent compound.  The lifetime of excited state 
S1 is given by[21]  
𝜏𝑠 = 1𝑘𝑟𝑠 + 𝑘𝑛𝑟𝑠  
Where 𝑘𝑟𝑠 is the rate of radiative decay (S1→S0) with emission of fluorescence; 𝑘𝑛𝑟𝑠  is 
the rate of nonradiative decay by nonradiative deactivation (S1→S0) and inter-system 
crossing (S1→T1).  Experimentally, the rate of disappearance of excited molecules is 
monitored, and the lifetime is determined by the time integral of the differential 
equation.  The quantum yield (Φ) is the ratio of fluorescence photons emitted upon 
returning to the ground state (S0) over the number of photons absorbed.[21] 
Φ =  𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 =  𝑘𝑟𝑠𝑘𝑟𝑠 + 𝑘𝑛𝑟𝑠  
The quantum yield can also be determined by quantitative standard comparison: 
Φ𝑢𝑛𝑘 = 𝐹unk × 𝐴𝑠𝑡𝑑 × 𝑞𝑠𝑡𝑑𝐹std × 𝐴𝑢𝑛𝑘 × 𝑞𝑢𝑛𝑘 
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F is the integrated area under the corrected fluorescence emission, A is the absorbance, 
and q is the relative photon output of the source at the excitation wavelength.  The 
Stokes shift is the measured energy difference between the maximum of the fluorescence 
spectrum and the maximum of the first absorption band as given in Figure 1.8.  After 
conversion of the maxima from wavelengths to wavenumbers, the Stokes shift is given 
by: 
∆?̅? = ?̅?𝑎 − ?̅?𝑓 
 
Figure 1.8 Stokes shift of the excitation and emission spectra of a fluorophore[22] 
The Stokes shift is important for information regarding the excited states.  For example, 
the Stokes shift will decrease for less polar solvents when a fluorophore with a smaller 
dipole in the ground state than the excited state is studied and vice versa. 
Since we are interested in the excited state behaviours of porphyrins, the measurement of 
their fluorescence emission is required.  This gives a motive for studying zinc porphyrins 
over free-base or other metalloporphyrins. 
 
1.2 Nonlinear Optics 
1.2.1 Theory of Nonlinear Optics 
Nonlinear optics (NLO) is an extension of the well-defined linear optics (i.e. electronic 
absorption and emission).  The advancement of NLO is greatly reliant on the 
development of the laser, as it is only observable under high intensity light.[23]  The field 
was born in 1875 when Kerr[24] observed a change in the refractive index of carbon 
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disulphide (CS2) that was induced by an electric field, and was found to be proportional 
to the square of the field amplitude.[23]  Significant progress in NLO research took place 
after the invention of the laser in 1960, and interest has continued to increase as the 
possible applications have expanded over time.[23] 
In general terms, the optical susceptibility, χ, defines the optical properties of a medium 
and is related to the refractive index and the dielectric constant.[23]  The polarisation of 
an array of molecules can be expanded as a power series in the applied electric field to 
enable the derivation of quantities for comparative analysis.[23]  The macroscopic 
polarisation for an array of molecules is given by: P =  𝜒(1)E +  𝜒(2)EE +  𝜒(3)EEE + … 
where 𝜒 are the macroscopic susceptibilities, χ(1) being the linear susceptibility, χ(2) the 
quadratic susceptibility and χ(2) the cubic susceptibility.[23]  The applied electric field, E 
and polarisation, P are vectors, while the susceptibilities are tensors.  In the presence of a 
small electric field, the quadratic and cubic terms are neglected, and only the linear 
optical behaviour is observed.  The quadratic and cubic terms become important when in 
the presence of an intense electric field, such as a pulsed laser, where the nonlinear 
optical responses can be studied.[23] 
Observation of quadratic NLO behaviour is possible only in noncentrosymmetric 
materials, as the quadratic susceptibility (χ(2)) is nonzero.  The quadratic effect is 
proportional to a change in dipole moment between the ground and excited states and the 
square of the transition oscillator strength, and inversely proportional to the square of the 
energy gap between the two states.[23]  The second-order NLO effects in porphyrins 
include frequency doubling (SHG), frequency mixing, and Pockels effect, which is a 
linear change in the refractive index.[23]  Measurement of the quadratic NLO effects are 
often carried out using electric field-induced second harmonic generation (EFISH) for 
neutral, dipolar molecules; or hyper-Rayleigh scattering (HRS) for non-dipolar or 
charged molecules.  Porphyrins that exhibit second-order NLO properties are often push-
pull systems, such as those reported by Suslick et al. in 1992.[25] 
Cubic NLO behaviour is observed in molecules that are symmetrical and contain an 
extended delocalised π-system.[26]  Third-harmonic generation (THG), four-wave mixing 
(FWM), Kerr electrooptical effects and nonlinear refraction are third-order NLO effects 
observed in porphyrins.[23]  THG and degenerate FWM (DFWM) as well as the Z-scan 
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technique are amongst the most widely used techniques for determining cubic NLO 
effects.[23]  Experimental comparison over these techniques is often not possible, as 
DFWM and Z-scan measurements can be inflated due to self-defocusing or nonlinear 
scattering contributing to the apparent nonlinear absorption, and a build-up of excited 
state populations (one-photon or two-photon absorption) which can lead to nonlinear 
transmission through excited-state absorption.[23] 
Practically, nonlinear optics includes optical limiting (OL) and two-photon absorption 
(TPA), amongst others.[23]  Optical limiting can refer to saturable absorption (SA) or 
reverse saturable absorption (RSA).  Saturable absorption is commonly used for passive 
Q-switches, as the transmittance of the material decreases with increasing intensity 
illumination, but is not reversible when the intensity is later decreased back to the 
starting intensity.  Reverse saturable absorption is initially the same, however when the 
intensity of light is later decreased, the transmittance increases again to the initial point.  
Materials with this reversible property are therefore of interest for optical-limiting 
devices and for eye protection.[23]  TPA is where a molecule can absorb two photons of 
light simultaneously under high-intensity light.  It is related to the imaginary part of the 
third-order non-linear susceptibility and is measured in Goeppert-Mayer (GM) units in 
terms of a cross-section, σTPA.[23]  TPA is the process underlying the use of 
photosensitizers in photodynamic therapy at levels deep below the surface of the skin 
and in hollow organs.[27] 
Porphyrins are of great interest in this field, as they have many properties that make 
them superior to other compounds as optical materials.[23]  Their ground-state linear 
absorption is confined to the narrow regions of the Soret and Q bands, leaving a spectral 
window in which high transmission can occur.  Porphyrin dimers and multiporphyrin 
arrays with bridges that allow extension of the aromatic systems provide further 
possibilities in this field. 
 
1.2.2 Two-Photon Absorption and Applications 
Initially analysed in theory by Goeppert-Mayer in the 1930s, two-photon absorption was 
first observed in 1961 after the invention of the laser.[27]  TPA is predominantly 
measured by the Z-scan technique or two-photon excitation fluorescence (TPEF).  The 
Z-scan technique measures the light intensity at the detector with respect to the position 
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along the z-axis of the sample as it moves along the path of the laser beam.  The 
apparatus is shown in Figure 1.9. 
 
Figure 1.9  Set-up of the Z-scan apparatus[27] 
The transmission of the sample as it moves along the z-axis is recorded, giving a plot 
such as that in Figure 1.10.  The absorption is greatest at the focal point of the laser, so 
this is where the lowest transmission is observed.  The output is affected by changes in 
the refractive index, which are dependent on the incident intensity, as a result of third-
order nonlinear polarisability or thermal effects.[27]  Although this technique is very good 
for measuring the nonlinear transmission, measurements of the TPA cross-sections are 
often inflated due to self-defocusing or nonlinear scattering contributing to the apparent 
nonlinear absorption, and a build up of excited state populations (one-photon or two-
photon absorption) which can lead to nonlinear transmission through excited-state 
absorption. 
 
Figure 1.10  Measurement of the intensity at the detector with respect to the position on the z-axis[28] 
The applications of TPA include tracers, probes, sensors, photoactivation and drug 
delivery, photodynamic therapy (PDT), microfabrication, three-dimensional optical data 
storage and TPA optical limiting.  TPA dyes have been used as tracers, probes and 
sensors inside cells, with the response measured by TPEF.[27]  TPA photoactivated 
release of drugs has also been a field of interest, especially in neurophysiology for rapid, 
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localised release of neurotransmitters, proteins and ions.[27]  Although TPA optical 
limiting would be ideal, as no linear absorption is required, giving excellent transparency 
at low level light, the TPA cross-sections of current materials are not large enough for 
optical limiting by purely two-photon absorption.[27]  An important underlying factor for 
these applications is the reduced focal volume of two-photon absorption over one-photon 
absorption, as illustrated in Figure 1.11. 
  
 (i) (ii) 
Figure 1.11 (i) Jablonski diagram and focal volume schematic of one- and two-photon excitation[29]; (ii) 
One- and two-photon excitation and fluorescence emission of a dilute fluorescein solution in a quartz 
cuvette, photo by Steve Ruzin, reproduced with permission[30] 
One-photon PDT is currently used to treat skin cancer, cancer in hollow organs and 
macular degeneration.  The treatment involves infusion of a photosensitiser followed by 
laser therapy.  In the presence of light, singlet oxygen is produced in the process of 
energy transfer from the excited state to dioxygen.  The smaller focal volume of TPA 
prevents photochemical damage from occurring outside the focal volume, allowing a 
very precise region to be targeted.  It also requires light of longer wavelength (i.e. lower 
energy) for the same excitation and emission, which can penetrate further into the tissues 
than the visible light currently used for one photon PDT.[27] 
Porphyrins and porphyrin arrays have been shown to be very promising as TPA 
materials.[23, 27]  The ability to manipulate the electrical and optical properties through 
structural changes makes them superior candidates for research as nonlinear optical 
materials. 
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1.3 Porphyrin Dyads Linked by Two-Atom Bridges 
1.3.1 Ethane Diporphyrins 
The first 1,2-ethanediyl-linked porphyrin dimer was 4, reported in 1977 by Arnold et 
al.[31]  The initial reaction to form the octaethylporphyrin (OEP) dimer was carried out 
under reflux conditions with N,N-dimethylformamide (DMF) as solvent in the presence 
of sulfuric acid, from the meso-hydroxymethyl derivative of OEP (5a), in 50% yield.  
Differences in the 1H NMR and UV/visible spectra to that of the known porphyrin 
monomers led the authors to believe that there was appreciable interaction between the 
two rings.[31]  After the initial discovery, the dimer was also produced by reduction of the 
formyl derivative (5b) with lithium aluminium hydride (35% yield), from the ethyl ether 
(5c) in acidic DMF (25% yield), and from the hydroxymethyl (5a) with acid in 1,2-
dimethoxyethane (30% yield) or dimethylacetamide (25% yield).[31]  The mechanism of 
the reaction was thought to involve an electron transfer from the metal ion to the 
carbocation, which then dimerises. 
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After more than ten years, the ethanediyl-linked porphyrin dimer was again under focus 
in the literature, and in this case, relatively high yields for the formation of the copper 
complex were achieved.[32]  The copper complexes were thought to have low yields for 
Arnold et al.[31] due to the questionable ability for copper to donate an electron to the 
carbocation.  Shul’ga and Ponomarev[32] found that oxidation of other porphyrin 
molecules aided the reaction by electron donation, although the yield of the major 
product remained below 56% due to the side products of the oxidised porphyrins.  They 
were also the first to discover that the free-base ethanediyl-linked dimers readily oxidise 
upon heating in acetic acid to ethene diporphyrins; a previously unknown class of 
porphyrins.[32] 
The ethanediyl dimers can have two conformations in space – namely syn or anti.  The 
extended linear form, such as that in 4 is referred to as anti, while face-to-face 
conformations are referred to as syn, as in 6.  The obvious conformational differences 
5a  R = CH2OH 
5b  R = CHO 
5c  R = CH2OEt 
4 
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lead to differences in the spectroscopic data.  For the homometallic dizinc complexes, 
switching between the syn and anti conformations can be induced via coordinating 
ligands.[33]  The syn form of the dizinc OEP ethanediyl dimer (6a) is present in non-
coordinating solvents.  Strong π-π stacking interactions allow the molecule to reside in 
the face-to-face orientation and the UV/visible spectrum is characterised by a broad 
Soret band at 397 nm.[33]  The NMR spectrum also exhibits upfield shifts of the protons 
of the substituents.  Upon addition of coordinating ligands, such as (S)-NapthEtNH2, the 
anti conformation undergoes a shift of the Soret band towards the red end of the 
spectrum by approximately 1660 cm-1 to 425 nm; and distinct splitting (540 cm-1) is 
observed.[33]  The same study has also been conducted with the analogous zinc/free-base 
porphyrin 6b, with effects that are slightly less pronounced (red-shifted Soret of 1320 
cm-1, and broadening rather than splitting).[33]  This is attributed to the weaker π-π 
stacking of the hetero dimer, with only one porphyrin being coordinated to a ligand.[33] 
N
N N
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N Zn
 
Further studies into the properties and possible applications of the ethanediyl class of 
porphyrin dimers have led to the investigation of cis-trans isomerisation of the ethene 
derivatives and supramolecular chirogenesis, amongst others.  Supramolecular 
chirogenesis has been studied in porphyrins due to their appropriate physicochemical 
and spectral properties, direct relation to biological processes and ease of handling and 
modification.[12]  It involves the study of induced chirality in an otherwise achiral 
molecule upon electrostatic interactions and steric interactions (either independently or 
collectively).[33]  The Borovkov/Inoue group has made a substantial contribution to this 
field, after much of the pioneering work was accomplished by Sugiura and co-
workers.[34] 
This induced chirality is commonly seen in natural systems, such as the optical activity 
observed for hemoproteins,[35] and is also seen in synthetic systems.  Research is 
therefore important in this field, both for fundamental understanding of biological 
6a  M = Zn 
6b  M = 2H 
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processes and for use in applications such as catalysis,[36] nonlinear optics,[37] molecular 
and chiral recognition[38] and complete configuration assignment.[39]  The syn-dizinc 
dimer 6a has also been extensively studied in this field.[33, 40]  It has been found to be an 
effective sensor for absolute configuration, which relies on the specific effects of ligand 
size, binding strength, stoichiometry, and composition.[33]  The dimer is also sensitive to 
external factors such as temperature and phase transition.  In host-guest systems, the zinc 
porphyrin complexes the chiral ligand and switches from the anti form to the syn form, 
resulting in a unidirectional screw formation that depends on the chirality of the 
ligand.[40b] 
Although many studies have been performed on this class of porphyrin dimer, only those 
with β-alkyl groups have been synthesised and analysed.  There has been no need for the 
synthesis of dimers of other types, as the β-alkyl dimers are suitable for the applications 
described above.  As the ethane link is very limited in extending the electronic 
communication between the two porphyrin rings, the twisted structure of the dimer does 
not present the limitations it does for other classes of porphyrins, as will be discussed 
below. 
 
1.3.2 Ethene Diporphyrins 
As mentioned in the previous section, upon heating the free-base OEP ethanediyl-linked 
dimer in acetic acid, Shul’ga and Ponomarev discovered the previously unknown ethene 
diporphyrins, with the formation of 7a.[41]  The downfield shift of the ethylene bridge 
protons (10.26 ppm) was noted, and attributed to the possibility that the conjugation was 
continued through the bridge to the two porphyrin rings.  The nickel analogue (7b) has 
been the subject of many studies,[42] but the presence of the β-substituents greatly 
inhibits the electronic coupling, as the vinylene bridge is forced out of conjugation with 
the π-system.[42d]  
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7a  M = 2H 
7b  M = Ni 
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In more recent years, ethene diporphyrins with meso-aryl rather than β-alkyl substituents 
have been studied.  The synthesis of 8a and 8b was reported in 2005 by Frampton et 
al.[43] using CuI/CsF promoted Stille coupling from the meso-bromo monomers and 
bis(tributylstannyl)ethene (44% and 58%, respectively).[43]  Upon moving away from the 
β alkyl groups, the electronic communication between the rings was greatly increased, 
with the conjugation approaching that of the alkyne-linked analogues.  This similarity 
was estimated by the comparison of absorption spectra, emission spectra and redox 
potentials.  The ground state absorption of 8a saw the Soret band split by 2860 cm-1 (422 
nm and 480 nm), an indication of very good electronic communication between the 
rings.  The bridge was seen to be twisted by 45° in the solid state, with respect to the 
plane of the porphyrins, which was attributed to the steric hindrance between the CH 
group of the ethene bridge and nearby β-H substituents.[43]  In contrast, the dihedral 
angle of the nickel OEP derivative (7b) was 74° in a chloroform solvate[44] and 89° in a 
toluene solvate.[42d]  The porphyrin rings of 8a were found to be parallel and off-set by a 
distance of 1.5Å.[43] 
Both dimers (8a,b) were also found to have excellent reverse saturable absorption in the 
near infrared (710-900 nm).[43]  The two-photon absorption behaviour of 8a was also 
tested using two-photon excitation fluorescence.  In the excitation wavelength range of 
940-1100 nm, a broad red-shifted TPA transition with a maximum at ca. 975 nm (60 
GM) was found.[43]  This cross section is four times lower than that of the red-shifted 
TPA transition of the analogous ethyne dimer (940 nm, 255 GM).  The ethyne dimer was 
also found to have a remarkably strong TPA band at 821 nm (8200 GM), however the 
ethene dimer 8a could not be measured at wavelengths shorter than 940 nm due to the 
long tail of the S0→S1 absorption at 710-900 nm, as the power dependence of the 
fluorescence becomes nonquadratic.[43]  This is the same characteristic that makes the 
dimer promising for RSA. 
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Another study by Locos et al.[45] involved the synthesis of 8c-e, amongst many others, by 
Suzuki coupling of the respective iodovinylporphyrin and porphyrinylboronate in the 
8a  M = Zn, Ar = 3,5-tBu2C6H3, R = H 
8b  M = Zn, Ar = R = 3,5-tBu2C6H3 
8c  M = Ni, Ar = R = Ph 
8d  M = 2H, Ar = R = Ph 
8e  M = Zn, Ar = R = Ph 
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presence of cesium carbonate (55%, 49% and 10% respectively).  This method gives 
lower yields than the method employed by Anderson,[43] however it provides the 
opportunity to synthesise heterodinuclear dyads in sufficient yields to analyse the 
products. 
The bridge of the nickel dimer 8c was seen to be twisted by 50°, again due to the 
interaction between the CH groups of the ethene bridge and nearby β-H substituents.[45]  
This steric interaction is still markedly less than that observed for the β-alkyl substituted 
porphyrins.  The splitting of the Soret band in dimers 8c-e was 3160 cm-1, 2385 cm-1 and 
2265 cm-1, respectively.  This gives an indication that the conjugation may decrease in 
the order of Ni > 2H ≈ Zn.  This Soret splitting is not the only consideration when 
determining the extent of the electronic communication.  The nickel porphyrins have 
“ruffled” conformations due to the size of the nickel ion, which would be expected to 
reduce the aromaticity.  The authors suggested that this could be explained by: 
“conjugation between aromatic systems is reduced when the systems are more 
aromatic”.  In other words, the less aromatic systems (as estimated from the 1H NMR 
spectra of their respective monomers) tend to extend their conjugation more easily.[45]  
This order of aromaticity has also been observed by Arnold and co-workers in previous 
reports.[46] 
A distinct feature of the zinc dimer 8e was the profile of the fluorescence emission.  
Generally, the fluorescence emission is a mirror image of the absorption spectrum, but in 
this case an anti-Stokes shift was observed, and the spectrum resembles that of a rolling 
hill rather than two peaks.[45]  This led the authors to conclude that changes in geometry 
occurred with excitation.  The fluorescence of the nickel dimer was not recorded due to 
the non-emissivity of nickel porphyrins, but the spectra of the free-base and 
heteronuclear dimers did not exhibit this feature.  As well as the absorption and emission 
spectra of the dimers (8c-e), calculations of the theoretical optimum geometry and 
spectral calculations were reported.[45]  In solution, the dimers were determined to exist 
in differing conformations, resulting in multiple components of the absorption spectra 
due to the extents of conjugation of the specific conformations. 
Ethene bridged dimers with β-meso connectivity have also been studied.[47]  The degree 
of conjugation of these dimers is similar to that of the β-alkyl (OEP) dimers, as shown 
by comparison of the absorption spectra.  This reduced conjugation is a consequence of 
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the smaller coefficients of the frontier orbitals of the β-carbons of the porphyrin ring (see 
section 1.1.4 for more detail). 
As previously mentioned, many of the earlier studies on the ethene diporphyrins with β-
alkyl substituents involved investigation into their cis-trans isomerisation.[42b, 44, 48]  This 
is of particular interest for modelling the “special pair” of the photosynthetic reaction 
centre, as the porphyrin rings in the cis isomer are held in a face-to-face orientation and 
strong π-π interactions are possible.[42c]  This research began when the use of low-valent 
titanium in the reductive coupling of meso-formylOEP monomers led to a mixture of the 
cis and trans isomers of 7b.[49]  This was quite unexpected, as all previous reactions only 
gave the thermodynamically-favoured trans product.  A 1H NMR spectral study of a 1:1 
mixture of the isomers in tetrachloroethane showed that when shielded from light and 
heated at 120ºC overnight, the cis isomer completely converted to the trans isomer, 
resulting in a pure solution of the trans isomer.[44]  Likewise, the cis form of the ZnOEP 
ethene dimer precipitates out of chloroform after a few days when it converts to the 
sparingly soluble trans analogue of the dimer.[42c]  These studies indicate that a 
preference of the trans isomer is prevalent, assumedly due to the lower strain and steric 
hindrance. 
The ethene dimers are an important class of porphyrins, as they represent the first 
diporphyrins that were synthesised with a conjugating two-atom bridge.  Although the 
degree of extended aromaticity is less than that of the ethyne or azo-linked dimers 
described below, their studies have aided the understanding of the “special pair” and 
have been found to be promising as materials for the application of reverse saturable 
absorption. 
 
1.3.3 Ethyne Diporphyrins 
The acetylenyl-bridged porphyrin dimers first synthesised by Therien and co-workers.[44] 
have been of interest to researchers for biomimetic studies of the photosynthetic antenna 
system (both light harvesting and energy transfer)[44, 50] and nonlinear optical 
materials.[28, 50b, 51]  The initial dimer, 9, was synthesised by metal-mediated cross-
coupling of the ethynylporphyrin 10 and bromoporphyrin 11. [44] 
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The UV/visible absorption spectrum of the dimer (9) was seen to have a very distinctive 
profile, with a split Soret band (2850 cm-1), consisting of a very broad region 
(monomeric) and a markedly sharp region (dimeric).  The Q bands were also red-shifted 
significantly, to 683.4 nm, a shift of 3870 cm-1 when compared with the analogous zinc 
monomer.  Another early paper by Lin and Therien[15] compares the efficacy of the 
linkage topology.  A β-β ethyne linked ZnTPP dimer; a meso-ZnDPP, β-ZnTPP ethyne 
linked dimer and the meso-meso ethyne dimer 9 were analysed.  The meso-β and β-β 
were both seen to have slight splitting of the Soret band and red-shifted Q bands.  When 
these were compared with the meso-meso ethyne dimer 9, the splitting and red-shift of 
the Q bands were insignificant, further supporting the value of meso-meso linkages.[15] 
Since this first synthesis and further study, Therien and co workers have continued to 
contribute greatly to the progress of the research into porphyrin dimers and oligomers 
connected via ethyne bridges.  Many interesting and exotic porphyrin dimers and 
oligomers of this class have been synthesised.  For example, two pentamer arrays (12a, 
b) with porphyrins acting as donor (electron rich, D) and acceptor (electron poor, A) 
groups were synthesised and analysed.[49-50]  They were studied in conjunction with their 
parent dimers (DD, DA) and trimers (DDD, DAD) for use as organic materials with low 
optical band-gaps.[49]  The UV/visible absorption spectra showed that more conjugating 
units result in larger red-shifts, well into the NIR, and greater splitting of the Soret band 
(over 4000 cm-1).[49-50]  The dimers, trimers and pentamers all showed similar 
fluorescence quantum yields (all bar one between 0.14 and 0.22), which are comparable 
in the 750-900 nm range to the best current NIR dyes.[50a]  They are an example of the 
first low band-gap material that is able to give intense, tunable excited-state absorptivity 
and large NIR quantum yields, while at the same time is photostable and not sensitive to 
solvent polarity.[50a] 
9 11 10 
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Yeh and co-workers have also contributed to this field with the synthesis of a fascinating 
dimer (13a), trimer (13b) and pentamer (14), and the self-assembled supramolecular 
prisms and ladders (when rotated 90° in the plane of the page) that they form in the 
presence of coordinating ligands.[51c]  The structures were analysed by UV/visible 
spectroscopy, and the measurements of their two-photon absorption cross-sections were 
carried out using the Z-scan method. 
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Increasing the number of porphyrin units from two (13a) to three (13b) to five (14) was 
seen to increase the TPA cross-sections nonlinearly from 4700 GM to 14500 GM to 
18700 GM.[51c]  The structure that was found to have the largest TPA cross-section 
overall and per porphyrin unit was the ladder self-assembly of 13b, with a cross-section 
of 21600 GM (7100 GM per porphyrin unit).  In contrast, the ladder assembly of 13a had 
a slightly diminished TPA cross-section (4400 GM) than that of the single strand, and 
the pentamer duplex had a significantly diminished TPA cross-section (13400 GM) than 
the single pentamer.[51c]  The authors propose that the decrease in the TPA cross-section 
of the pentamer assembly suggests that destabilising the essential functional 
configurations must cause unfavourable effects, despite the increased π-conjugation of 
the duplex formation.  The TPA of the pentamer (14) is also thought to arise from its 
basic trimer unit (13b), as the TPA maxima of the two molecules are identical (1500 
nm).[51c]  It was also found that the interstrand interaction between the porphyrin units 
and the overall self-assembled structure are significant in determining the nonlinear 
optical properties. 
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14  Ar = 3,5-tBu2C6H3 
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Some chemistry that has been carried out with this class of dimers includes [2+2+2] 
cycloaddition reactions to the conformationally locked face-to-face dimers.[52]  The 
cobalt-catalysed cycloaddition reaction with 1,6-heptadiyne has given rise to structures 
such as 15 which serve as possible compounds for use in redox catalysis.[52] 
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Another interesting dimer of this class is the heterometallic zinc-gold dyad, 16, prepared 
and analysed by Odobel and co-workers.[50b]  The dimer was synthesised from the gold 
haloporphyrin (mixture of bromo and chloro) and the zinc ethynylporphyrin in 73% 
yield.  Upon comparison of the UV/visible absorption spectrum with the analogous 
monometallic zinc and gold dimers, the Soret band is seen to be broadened but not split, 
while the Q bands are much more red-shifted.[50b]  This is an interesting occurrence, as 
the splitting of the Soret and red-shifting of the Q bands are usually observed 
simultaneously.  The strong electronic coupling observed in the dimer was coupled with 
an intense charge-transfer transition, leading to a charge-separated state that is relatively 
long lived.[50b]  The dimer also displays a large first hyperpolarisability coefficient, i.e. a 
second-order NLO effect.  This system is therefore valuable in the applications of 
molecular electronics, solar-energy conversion or nonlinear optical materials.[50b] 
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In the same paper, the homometallic gold porphyrin dimer was synthesised from two 
equivalents of the gold bromoporphyrin in a double-headed Stille coupling with 
bis(trimethylstannyl)acetylene and CuI in DMF, under palladium catalysis with a yield 
of 52%.[50b]  This represents a new method of synthesising the ethynyl-bridged dimers 
other than the three-step Sonogashira coupling route pioneered by Therien and co 
workers.[44] 
The predominant research into porphyrin dimers connected through an alkyne bridge has 
been for the development of electronic materials.  Many studies have shown them to 
have excellent nonlinear optical[50, 51b-e] and electron-transfer properties,[10, 50b] both of 
which are important for electronic applications of organic molecules.  Of the porphyrin 
dimers connected via a carbon-only two-atom bridge, this class provides the most 
effective electronic communication between the two rings. 
 
1.3.4 Imine Diporphyrins 
There is only one report of an imine diporphyrin in the literature, by Screen et al. in 
2002.[53]  The porphyrin dyad (17) was obtained in 32% yield by refluxing 
formylporphyrin (18) and aminoporphyrin (19) in toluene under acidic conditions for 48 
hours.  The authors suggested that the low yield could have been due to aminoporphyrin 
degradation.  
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16 Ar = 3,5-tBu2C6H3 
17 
18 19 Ar = 3,5-tBu2C6H3 
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The conjugation in a porphyrin dimer connected via an imine bridge could be expected 
to be between that of an ethene and azo dimer, due to the structural similarities.  This 
does not seem to be the case, however, by analysis of the UV/visible absorption spectra 
and comparisons of crystal structures of imine-linked porphyrin-aryl compounds 20a,b.  
The Soret band of the imine dimer (17) was seen to be split by only 846 cm-1, much less 
than the analogous ethene (8a, 3160 cm-1)[43] or triphenylporphyrin azo (21a, 3670 cm-
1).[54]  The Q bands are still red-shifted, however the smaller splitting of the Soret 
suggests that the imine bridge may be twisting more than the ethenediyl bridge, leading 
to reduced electronic communication between the two rings.  This twisting is somewhat 
expected, due to the shorter length of C=N bonds than C=C, and therefore closer 
proximity of the bridge proton to the ring protons.  This is illustrated by the length of the 
C=N bond in the crystal structure of 20b (1.25 Å) versus the length of the C=C bond in 
the crystal structure of 20c (1.34 Å).  The more twisted conformation relieves some of 
the steric hindrance.[53] 
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Despite the seemingly unpropitious electronic communication, this class of porphyrin 
dimer is intrinsically significant for the comparison it provides with the strongly 
conjugating azo and ethene bridges.  The instrinsic polarity it possesses in the bridging 
atoms has the potential to lead to a charge-separated state that is relatively long lived. 
 
1.3.5 Azoporphyrins 
Porphyrin dimers linked by an azo bridge are a relatively new class of dimers, first 
synthesised in 2007 by Louisa Esdaile.[54]  Both the zinc and nickel dimers (21a,b) were 
synthesised by copper catalysed coupling of the primary amines in good yields (67% and 
90% respectively).  The dimers were expected to have E/Z photoisomerisation like that 
of azobenzene,[55] due to the similarities in the molecules, which could be of use in 
molecular electronics as molecular switches.  Irradiation of solutions of both 21a and b 
did not result in the photoisomerisation to the Z isomer in either case.  It seems that the 
20a  X1X2 = N=CH, Ar = 3,5-tBu2C6H3 
20b  X1X2 = CH=N, Ar = 3,5-tBu2C6H3 
20c  X1X2 = CH=CH, Ar = 3,5-tBu2C6H3 
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extended conjugation allows deactivation of the photoexcited states.  This extended 
electronic communication generates a splitting of the Soret band of 3670 cm-1 for the 
zinc dimer and significant red-shifting of the lowest-energy Q band to 841 nm.[54]  The 
HOMO-LUMO gap as measured by cyclic voltammetry also reflects this, as the 
𝐸1
ox − 𝐸1
red of 1.34 V is significantly lower than for the ethynediyl (1.98 V) and 
ethenediyl (1.92 V) dimers.[43] 
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A different method of synthesising 21a was discovered by Chen and co-workers while 
they were investigating different routes to dioxoporphyrins.[56]  This method involved the 
treatment of the primary amine with hydrated ferric chloride in DMF for 30 minutes at 
room temperature. 
Both of these routes have only been successful in the synthesis of azoporphyrins where 
trisubstituted starting materials are used.  The same reactions with disubstituted 
porphyrins, such as diphenyl or diaryl, that could lead to diazeno oligomers, has thus far 
resulted in deconjugated head-to-tail dimers such as 22 and 23, with very low yields 
(less than 10%) of the desired azoporphyrins. 
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The azo-bridged dimers present possibly the most promising extension of the electronic 
communication between the rings.  It is therefore of utmost importance for the study of 
conjugating bridges. 
  
21a  M = Zn 
21b  M = Ni 
22 23 
Ar = 3,5-tBu2C6H3 
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1.4 Project Outline 
Although such a vast range of literature exists on porphyrins linked by two-atom bridges, 
a direct comparison of the total effects of each bridge is not possible.  Currently, a series 
of dyads does not exist where the only differing structural element is the bridging unit.  
In this project, the synthesis of a series of five porphyrin dimers with the same 
substituents on the ring and the same central metal, but different bridging units, is 
proposed below. 
The different bridges allow electronic communication between the rings to varying 
extents.  The ethane bridge (A) acts as a pseudo negative control, allowing the influence 
of the close proximity of the porphyrin rings to be taken into account, while inhibiting 
the electronic communication between the rings.  The structural and conformational 
differences in the remaining four dimers (B-E) lead to the varying efficiency of the 
electronic communication extension.  By measurement of the spectroscopic properties, 
the degree of conjugation through the bridges can be studied. 
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The spectroscopic properties measured will include 1H NMR, electronic absorption and 
fluorescence emission, as well as nonlinear optical studies.  The electronic absorption 
and fluorescence emission spectra will be recorded in toluene so that comparison over 
the five dimers and with the theoretical calculations is possible.  Variable temperature 
studies of the electronic absorption and fluorescence emission will also be conducted, to 
elucidate any structural changes that may occur with changing temperature. 
1H NMR spectral studies allow reserved qualitative comparison of the extended 
conjugation via the observed most downfield β-proton chemical shifts.  These are 
reserved as they are also affected by conformations in solutions and structural influences.  
                                                   
1 To emphasise the significance of these five compounds and for ease of recall, they will be 
referred to by the letters A-E rather than the numbers from this point forward. 
A (24) 
B (8e) 
C (25) 
D (26) 
E (21a) 
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The degree of communication between the two porphyrin rings can be estimated by the 
extent of Soret splitting and red-shifting of the lowest energy Q band in electronic 
absorption spectra.  This is a more vigorous evaluation of the communication, as the 
absorption spectra are very sensitive to extended conjugation.  Although the fluorescence 
emission may not relate directly to the degree of conjugation exhibited by each of the 
bridging units, it provides insight into the excited state behaviour of the dimers. 
The theoretical calculations will be performed by Dr Llew Rintoul at QUT.  The 
geometries, energies and molecular orbitals of the dimers are to be modelled using DFT 
as implemented in the Gaussian 09 suite of programs.[57]  A model chemistry comprising 
the Becke-Lee-Parr exchange-correlation three parameter functional (B3LYP) and the 6-
31G(d,p) basis set will be used throughout.  The geometries will be optimised with the 
phenyl goups attached, and the effect of the solvent toluene will be modelled using the 
integral equation formalism variant of the polarisable continuum model (IEFPCM) using 
the default settings of the Gaussian program.  The filled and unfilled orbital splittings 
and HOMO-LUMO energy gaps will be calculated, and the one-electron absorption 
transitions will be predicted. 
Through comparison of the spectral and theoretical data, the hope is to determine the 
two-atom bridge that is the most efficient extension of electronic communication 
between the two porphyrin units.  This will allow chemists that are interested in 
porphyrin dimers, trimers and oligomers that are electronically coupled to tailor 
syntheses that will result in products that have superior electronic communication. 
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2 Synthesis and Characterisation of Ethane Diporphyrins 
2.1 Introduction 
This chapter describes the attempted synthesis of the zinc ethane-linked 
triphenylporphyrin (A).  The synthesis of this dimer was attempted a number of ways, 
including those traditionally used for octaethylporphyrins, and other more speculative 
approaches.  The synthesis of this dimer would have given a pseudo-negative control 
with respect to comparison of the spectroscopic data.  The ethane bridge allows the 
porphyrin rings to be held in close proximity, similar to that of the other dimers; 
however the electronic coupling between the rings is severely limited due to the steric 
hindrance between the bridge and ring protons, and the prevention of any through-bridge 
conjugation. 
 
2.2 Previous Synthesis of Ethanediyl Bridged Dimers 
As reported in Chapter One (section 1.3.1), the first covalently-linked porphyrin dimer 
was connected through an ethanediyl bridge, prepared by reduction of the 
hydroxymethyl starting material 5a, as can be seen in Scheme 2.1.[31]  In the same paper, 
the formation of the dimer from the formyl and methyl ethyl ether derivatives were also 
reported. 
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Scheme 2.1  Formation of the ethane porphyrin dimer 4; (i)  5a with H2SO4 in refluxing DMF (50% yield), 
1,2-dimethoxyethane (30% yield), or dimethoxyacetamide (25% yield); 5b with LiAlH4 in THF at 65°C 
(35% yield); 5c with H2SO4 in refluxing DMF (25% yield); and 27 by heating in MeI for one hour 
Another synthesis method for ethanediyl porphyrin dimers starting from the copper 
complexes was reported in 1988 by Shul’ga and Ponomarev.[32]  This involved the use of 
trifluoroacetic acid (TFA) and H2SO4 to convert the copper hydroxymethyl porphyrin to 
the dimer in similar yields to the best achieved by Arnold et al.[31]  A higher yielding 
method was later reported by Ponomarev,[58] starting from the dimethylaminomethyl 
copper or nickel (27) porphyrins and heating in methyl iodide for one hour. 
5a R = CH2OH 
5b R = CHO 
5c R = CH2OEt 
27 R = CH2N(CH3)2 4 
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These reactions have been well developed for the octaethylporphyrins, but they have not 
been attempted for the meso-diaryl or triarylporphyrins.  For these reactions to be carried 
out, the starting materials therefore need to be synthesised.  The nickel hydroxymethyl 
triphenylporphyrin (30) was synthesised from the nickel formylporphyrin (29) according 
to the method of Arnold et al.[31] in 66% yield, as described in Scheme 2.2.  The yield 
was somewhat diminished by the recrystallisation process, as the “crystals” looked more 
like a sponge when they were wet and like thick, ripped paper or papier maché when the 
solvents were evaporated. 
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Scheme 2.2  Synthesis of 5-hydroxymethyl-10,15,20-triphenylporphyrinatonickel(II) 
Having the hydroxymethyl porphyrin 30 on hand, work commenced on the synthesis of 
the ethanediyl dimer A.  Disappointingly, the traditional method, summarised in Scheme 
2.3, was unsuccessful.  Initially, the reaction mixture was refluxed for one hour, but little 
change was seen.  Another attempt with a longer reflux time (24 hrs) was also carried 
out; however the desired dimer was not produced.  In this second reaction, the novel 
hydroxymethylporphyrin (30) was oxidised back to the formylporphyrin (29), along with 
formation of a number of side products, in very small quantities.  In the hopes of having 
produced some of the dimer, the UV/visible absorption spectrum was recorded for each 
fraction, but none had the expected profile.  If the reaction had been successful, the 
nickel would need to be removed and replaced by zinc to reach the desired dimer, as 
described in Scheme 2.4. 
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Scheme 2.3 Proposed synthesis of the nickel ethane-linked dimer by coupling of the hydroxymethyl 
porphyrin 
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Scheme 2.4  Proposed removal of nickel and insertion of zinc into the ethane dimer 
Formation of the dimer by reduction of the formylporphyrin (29) with lithium aluminium 
hydride in tetrahydrofuran, as described in Scheme 2.5, was also unsuccessful even after 
two days refluxing at 66°C.  Analysis of the crude reaction mixture by 1H NMR 
spectroscopy after performing an aqueous work-up revealed NiTriPP (28) and 
NiTriPPCH2OH (30) in a ratio of approximately 1:2, and a very small amount of meso-
methylporphyrin (33).  There were also two unidentifiable peaks at 7.0 and 5.0 ppm, but 
the lack of β-proton signals led to the belief that these were non-macrocyclic 
contamination peaks, rather than porphyrin peaks. 
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Scheme 2.5  Proposed synthesis of the ethane-linked dimer by reduction with LiAlH4 
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Synthesis of the novel dimethylaminomethyl compound (34) was also attempted, as 
outlined in Scheme 2.6.  The first Vilsmeier-Haack step is the same as for the formyl 
derivative (Scheme 2.2), but the second step differs in that the iminium salt is directly 
reduced by sodium borohydride in acetonitrile to give the desired product.[59]  After 
multiple attempts, 34 was still not obtained; the formyl- and hydroxymethylporphyrins 
(29, 30) were produced instead.  Since this starting material could not be synthesised, 
formation of the ethane dimer by heating 34 in methyl iodide was not attempted. 
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Scheme 2.6  Proposed synthesis of 5-dimethylaminomethyl-10,15,20-triphenylporphyrinatonickel(II) 
Synthesis of the ethane dimer by previous methods for the OEP class of porphyrins was 
not successful to date.  Further work on these methods is desirable, and is proposed in 
section 8.2.  Novel methods for the synthesis were also attempted, and are described 
below. 
 
2.3 Synthesis of the Ethane Dimer Using One-Electron Donors 
Transition metal-catalysed atom transfer radical addition (ATRA) is an addition process 
similar to the “peroxide effect”, where a radical reaction in the presence of peroxide 
results in the anti-Markovnikov addition of HBr to unsymmetrical alkenes.[60]  The 
proposed mechanism for the copper catalysed ATRA is given in Scheme 2.7.  For the 
synthesis of the ethane dimer, only the termination step (R-X + R∙ → R-R) is desired.  In 
polymer synthesis, this step is unwanted and suppressed by keeping the radical 
concentration low.  Since the termination of the two porphyrins is intended, a higher 
28 34 
33 
  
34 
radical concentration is required.  The presence of a reducing agent is also unnecessary, 
since a stoichiometric amount of copper(I) would be used. 
 
Scheme 2.7  Proposed mechanism for copper-catalysed ATRA[60] 
Samarium(II) iodide also undergoes similar chemistry, as a one-electron donor towards 
suitable acceptors.  It has consequently found use in organometallic chemistry, radical 
chemistry, carbonyl reduction or coupling, organic halide reduction or coupling, the 
samarium Barbier reaction, samarium Reformatsky reactions, as well as others.[61]  The 
general synthesis of the ethane dimer 31 by the coupling of two porphyrins with the aid 
of copper iodide or samarium iodide is given in Scheme 2.8.
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Scheme 2.8  Proposed synthesis of the ethane dimer using one electron donors; (i) 2 eq. radical initiator 
and inert solvent 
Prior to the proposed synthesis of the ethane dimer using copper iodide or 
diiodosamarium as one electron donors, the appropriate porphyrin monomer(s) needed to 
be prepared.  For these reactions, it was necessary to have a good leaving group attached 
to the “benzyl” carbon of the meso substituent.  The meso halomethyl porphyrin (35) 
was therefore of interest as a pseudobenzylic halide for the reaction.  Prior to the 
synthesis of 35, the mesylmethyl porphyrin (36) was targeted. 
31 35  X = Br or Cl 
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The procedure to synthesise a mesylmethyl substituted porphyrin was reported in a 
Japanese paper by Kiyoshi et al. in 1988.[62]  In this report, the β-hydroxymethyl was 
converted to the mesylmethyl by methanesulfonyl chloride in pyridine and 
dichloromethane.  After 16 hours at room temperature, the purified and recrystallised 
product was obtained with an excellent yield of 97% (Scheme 2.9).[62] 
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Scheme 2.9  Formation of the mesylmethyl porphyrin by Kiyoshi et al.[62] 
There is also another report by Smith and co-workers in the same year with the synthesis 
of a β-substituted 1-mesylethyl [CH(OMs)Me] from the 1-hydroxyethyl porphyrin.[22]  In 
this case, the methanesulfonyl methyl product was obtained after treatment with 
methanesulfonyl chloride in DCM for one hour at 70°C under nitrogen.[22]  Although we 
are targeting the meso-mesylmethyl compound, the β-substituted analogues are the most 
similar, as the meso-substituted compounds have not been previously reported in the 
literature. 
Upon reaction of the nickel hydroxymethyl (30) with methanesulfonyl chloride and 
triethylamine as base in dichloromethane (general mesylation procedure, refer to Scheme 
2.10),[63] formation of the mesylmethyl (36) was seen after 30 minutes at 0°C (1H NMR 
spectrum).  The other major porphyrin compound at this point was 30, so the reaction 
was continued, but at room temperature.  When the starting material was shown by TLC 
to be consumed, the reaction was stopped (it was unknown which spot corresponded to 
the product).  Analysis by 1H NMR spectroscopy this time showed that the mesylmethyl 
peaks were no longer present.  Purification by column chromatography revealed the 
products of the reaction to be a very small amount of NiTriPPCH3 (33), a novel ether-
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38a  X- = OMs- 
38b  X- = PF6- 
linked dimer (37), NiTriPPCHO (29), small amounts of other unidentified porphyrins, 
and some unreacted starting material (30). 
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Scheme 2.10  Proposed synthesis of the mesylmethyl nickel porphyrin 35 
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Since this general method was producing so many side products, the focus shifted to the 
use of pyridine as base.  As this reaction proceeded, a spot on the baseline (CHCl3 
eluent) was noted, and seemed to become more intense as the starting material 
disappeared.  The 1H NMR spectrum of the crude product after reacting for 30 hours was 
dominated by broad peaks that were unidentifiable at the time.  It was later discovered 
upon 1H NMR spectroscopy analysis in acetone, that the very polar product was the 
pyridinium salt (38a, most likely with a mesylate counter ion).  Subsequent reactions 
were performed in refluxing DCM (40°C) to reduce the reaction time, before 
precipitation of the product from DCM and MeOH with a PF6- counter ion (from KPF6 
or NH4PF6).  Analysis of these later reaction products by 1H NMR spectroscopy 
revealed that mixtures of the pyridinium compound (38b) and the desired mesylmethyl 
compound (36) were being produced.  Although these compounds are rather different 
structurally, they should possess similar reactivity in the leaving ability of the 
pyridinium or mesyl groups, so no further purification of the mixtures was attempted. 
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β-hydride 
elimination 
Initially, it was incorrectly thought that the mesylmethyl (36) and pyridinium salt (38a, 
b) porphyrins would be suitable starting materials for the ATRA reaction.  For this 
reason, a number of reactions were carried out according to Scheme 2.11, using either 
CuCl or SmI2 as the radical initiator in THF.  The details of these reactions are given in 
section 7.3.1.3. 
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Scheme 2.11  Proposed synthesis of the ethane dimer using one electron donors; (i) 2 eq. radical initiator 
and inert solvent 
Synthesis of the ethane dimer by samarium iodide or copper-catalysed ATRA has not 
been successful thus far due to the poor choice of starting materials.  The meso 
mesylmethyl porphyrin (36), is however a suitable precursor for the meso halomethyl 
porphyrin (35).  This work has not been carried out as yet due to time constraints, but 
could prove interesting, if not successful, and is discussed in section 8.2. 
 
2.4 Synthesis of the Ethane Dimer Using the Reductive Heck 
Reaction 
The Heck reaction is an extremely useful tool in organic synthesis.[63]  The reaction 
forms substituted alkenes from an unsaturated halide and an alkene by palladium 
catalysis in the presence of base (Scheme 2.12) 
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Scheme 2.12 General Heck reaction 
The use of Heck reactions in porphyrin synthesis has been previously studied by Locos 
et al.[47] for the formation of ethene dimers (Scheme 2.13).  This reaction gave the 
unexpected result of meso-β ethene dimers (41a-c) rather than the expected meso-meso 
dimers, arising from a meso to β migration during the palladium-catalysed coupling.  
The electronic coupling of the two porphyrin rings through the β-meso bridges was 
36  X = OMs 
38b  X = Py+PF6- 
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reported to be only moderate, due to the linkage topology, as estimated from the 
electronic absorption spectra.[47] 
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Scheme 2.13  Use of the Heck reaction to form meso-β ethene dimers[47] 
The reductive Heck reaction follows the same route as the general Heck reaction in 
Scheme 2.12, except the β-H elimination in the final step of the catalytic cycle is 
replaced by a reductive elimination.  The formate from formic acid provides the hydride 
reducing agent, allowing the alkane to be produced by reductive elimination, resulting in 
a reduced form of the Heck product.  Tobrman and Dvořák[59] have reported the use of 
this reaction with 6-halopurines to produce a mixture of isomers of the saturated 
products, such as in Scheme 2.14. 
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Scheme 2.14 Reductive Heck reaction of 6-iodopurine and butyl acrylate[64] 
This reaction gave the two structural isomers in a ratio of 1:2, respectively, under these 
conditions.  The use of different ligands did lead to differing ratios, however in almost 
all cases, more of the second compound was produced.  Based on this, and other 
reductive Heck reactions,[65] the syntheses of the ethane dimers in Scheme 2.15 were 
proposed.  Obviously, the linear product rather than the branched is desired.  The size of 
the porphyrin macrocycle is expected to help this outcome, as the branched product 
should be more hindered.  Also, since the Heck reaction in its reductive version is being 
employed, the meso to β migration is not expected to occur. 
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Scheme 2.15  Proposed synthesis of the ethane dimer by the reductive Heck reaction 
This reaction was performed with both the free-base and nickel porphyrin starting 
materials.  In the free-base reaction, the mixture of iodoporphyrin (43a) and 
vinylporphyrin (42a) was initially held at 50°C for one hour, with Pd(PPh3)4 as the 
catalyst.  After the first hour, both starting materials were still present by TLC, so the 
temperature was increased to 75°C.  After 1.5 hours the starting materials were both still 
present and no product was visible, so the temperature was again increased, to 100°C.  
An hour later, there was only one compound visible by TLC.  Analysis by 1H NMR 
spectroscopy after an aqueous work-up proved the promising TLC result to be 
misleading, as the dehalogenated porphyrin 44 and the vinyl starting material 42a were 
both present.  The meso to β migration product was not observed. 
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Two reductive Heck reactions with nickel porphyrins were carried out; one starting with 
iodine and the other with bromine as the halogen.  The catalyst in these cases was made 
in situ from Pd(OAc)2 and 1,2-bis(dicyclohexylphosphino)ethane.  The reaction 
mixtures were stirred at 50°C for two days, and since no progress had occurred in either 
case, the temperature was increased to 68±1°C for another six days.  By this stage, the 
TLC of the iodine reaction showed no reaction progress, but the 1H NMR spectrum 
revealed that the dehalogenated porphyrin 28 and the reduced vinyl porphyrin (ethyl 
porphyrin 45) were present in a ratio of 1:1.  All four compounds (28, 43b, 42b, 45) had 
very similar retention factors [CHCl3/hexane (1:1)], so there was no visible change in 
TLC behaviour as the iodine was replaced with hydrogen and the vinyl group was 
44  M = 2H 
28  M = Ni 45 
42a  M = 2H 
42b  M = Ni 
 
43a  M = 2H, X = I 
43b  M = Ni, X = I 
40a  M = Ni, X = Br 
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reduced.  In the bromoporphyrin reaction, the spot for the bromoporphyrin 40a on the 
TLC plate was seen to diminish slowly, with appearance of a spot on the baseline 
[THF/hexane (1:2)], but no other changes.  1H NMR spectral analysis of the reaction 
revealed that a small amount of the dehalogenated porphyrin 28 was present, but the 
major porphyrin was the monomeric reduced porphyrin 45.  The meso to β migration 
product was not seen in either reaction. 
The continued dehalogenation and reduction of the starting materials discouraged any 
further investigation into the reductive Heck reaction path to the ethane dimer. 
 
2.5 Synthesis of the Ethane Dimer by Reduction of the Ethene Dimer 
Upon the synthesis of the ethanediyl, ethenediyl or ethynediyl bridged dimers, 
conversion among them through oxidation and reduction is at first sight a feasible 
approach to give each of the other respective dimers.  Scheme 2.16 illustrates the 
proposed reduction of the ethene dimer to the ethane dimer. 
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Scheme 2.16  Proposed reduction of the ethene dimer to the ethane dimer 
One example of this type of reaction is found in the literature, where a butadiyne-bridged 
dimer was hydrogenated to the butane-bridged dimer with a five-fold excess of palladium 
on carbon “catalyst”.  The reaction mixture was allowed to stir overnight under hydrogen 
in THF, as given in Scheme 2.17. 
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Scheme 2.17  Reduction of the rigid butadiyne dimer to the floppy butane dimer[66] 
The reduction of the ethene dimer B was attempted numerous times, but in all cases, no 
reaction was achieved.  The first attempt used one equivalent of 10% palladium on 
carbon (i.e. not catalytic), and a hydrogen pressure of five bar for six hours.  The amount 
of 10% palladium on carbon was increased to four equivalents for the second attempt, 
with a hydrogen pressure of three bar for 5.5 hours.  In the third reaction, platinum oxide 
(Adams’s catalyst) was used, with three bar of hydrogen pressure for four hours. 
The reduction of the ethene dimer differs considerably from the example in the literature, 
as the conjugation between the two porphyrin units in the former is much greater than in 
the cyclic dimer.  It is thought that this increased conjugation is what prevented the 
hydrogenation from proceeding. 
 
2.6 Characterisation and Spectroscopic Data of Novel Monomers 
The 1H NMR spectrum of meso-hydroxymethyl nickel porphyrin 30, synthesised for its 
possible formation of the ethane dimer by acid-catalysed coupling is given in Figure 2.1.  
The β-proton peaks were assigned using correlation and nuclear Overhauser effect 
(NOE) spectroscopy (more detail on how these were used will be given in section 3.6.1). 
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Figure 2.1  1H NMR spectrum of meso-hyrodxymethyl nickel porphyrin 30 in CDCl3; the lower case letters 
are representative of the protons in those positions 
The methylene protons of the hydroxymethyl group appear as a singlet at 6.56 ppm, 
while the hydroxyl proton appears as a broad singlet at 2.59 ppm.  Although these 
protons are expected to couple to each other, the exchange of protons between the 
hydroxyl group and trace water present in the sample often broadens the signals, and 
prevents visible splitting of the peaks.  This compound was also characterised by mass 
spectrometry, IR, CHN analysis, 13C NMR, and HSQC NMR. 
Another two novel compounds synthesised as starting materials were the meso-
mesylmethylporphyrin 36 and meso-pyridiniummethylporphyrin 38, for the copper 
iodide or samarium iodide ATRA reactions.  As they were almost always produced as a 
mixture, and no effort was made to separate them (see section 2.3), the 1H NMR 
spectrum of the mixture is shown in Figure 2.2.  The peaks of 36 are shown in black, 
while all bar the phenyl proton peaks of 38 are shown in blue.  Again, correlation and 
nuclear Overhauser effect (NOE) spectroscopy were used for the assignment of β and 
pyridinium protons. 
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Figure 2.2  1H NMR spectrum of meso-mesylmethyl porphyrin 36 (black) and meso-pyridiniummethyl 
porphyrin 38 (blue) in acetone; the numbers and lower case letters are representative of the protons in 
those positions 
The downfield shift of the methylene protons of 38 (blue, singlet 6, 8.31 ppm) is quite 
remarkable, and reflects the potency of the positive nitrogen as an electron-withdrawing 
substituent.  Methylene protons of non-conjugated substituents are generally seen much 
further upfield, between 6 and 7 ppm, like that of 36 (black, singlet f, 6.40 ppm).  The 
mixture of meso-mesylmethylporphyrin 36 and meso-pyridiniummethylporphyrin 38 
was also characterised by mass spectrometry, however the only molecular ion that was 
seen corresponded to the porphyrin with a CH2+ group in the meso position, which 
would be possible from either porphyrin.  This “super-benzylic” cation is expected to be 
very stable. 
A number of novel monomers were also produced as side products of the proposed 
reactions to obtain the ethane dimer.  The first of these was the meso-methyl porphyrin 
33, obtained from the attempted synthesis of the ethane dimer by reduction of the meso-
38 36 
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formylporphyrin 29 with lithium aluminium hydride and in the formation of the meso-
mesylmethylporphyrin 36.  Only a small amount of the meso-methylporphyrin was 
formed, so it was not isolated or characterised.  The novel meso-ethylporphyrin 45 
obtained from the reduction of the meso-vinylporphyrin 42b in the reductive Heck 
reaction was also not purified.  Although this compound (45) was novel, it was not 
required for any further synthetic goals, and the difficult separation of 45 from the meso-
unsubstituted porphyrin 28, discouraged the purification and characterisation of the 
meso-ethylporphyrin 45.  The CH2 protons of the ethyl group appeared as a quartet at 
4.61 ppm, and the CH3 protons as a triplet at 1.99 ppm.  This is very similar to the meso-
ethyl NiOEP of Arnold et al.,[67] where the CH2 protons appeared as a quartet at 4.53 
ppm and the CH3 protons as a triplet at 0.70 ppm. 
The 1H NMR spectrum of the ether-linked dimer 37, produced as a side product in the 
synthesis of the meso-mesylmethylporphyrin 36, is given in Figure 2.3.  Although this is 
a dimeric porphyrin compound, it was not part of the objectives of the project, as the 
bridge contains three atoms rather than two. 
 
 
 
 
Figure 2.3  1H NMR spectrum of ether-linked dimer 37 in CDCl3; the lower case letters are representative 
of the protons in those positions 
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The singlet of the methylene protons at 6.67 ppm is slightly further downfield than that 
of the meso-hydroxymethyl 30 (6.56 ppm).  This indicates that the electronic 
communication of the two porphyrin rings through the bridge is very weak.  The dimer 
was also characterised by mass spectrometry, however only the decomposed monomeric 
porphyrin ion was seen, with an experimental mass to charge ratio (MALDI) of 608.4, 
compared to the calculated [M]+ 607.1 for NiTriPPCH2+. 
 
2.7 Conclusion 
Although a range of synthetic methods was attempted for the synthesis of the ethanediyl 
dimer A, none has been successful thus far.  The dimer is such a seemingly simple 
compound to make, but has proven to be surprisingly elusive.  For a discussion on the 
possible methods to synthesise this dimer that have not yet been attempted, refer to the 
future work (section 8.2). 
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3 Synthesis and Characterisation of Ethyne Diporphyrins 
3.1 Introduction 
The meso-meso ethyne linkage topology has proven to be the most efficient carbon 
bridge at extending the conjugation between two porphyrin rings.  The current acetylenyl 
dimers have been shown to have applications in nonlinear optics, with large TPA cross-
sections[51a-c, 51e] and large first hyperpolarisability coefficients.[50b]  This dyad therefore 
plays an important role in the comparison of the different bridging units.  The current 
chapter describes the synthetic and characterisation detail of the ethyne-linked porphyrin 
dyad C. 
 
3.2 Synthesis of the Ethyne Dimer by Stille Coupling 
The traditional method of synthesising ethyne-linked porphyrin dimers involves a three-
step Sonogashira coupling first pioneered by Therien and co-workers in 1994, illustrated 
in Scheme 3.1.[44]  This method is tedious and requires very strict air exclusion to prevent 
formation of the butadiyne side product. 
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Scheme 3.1  Traditional three-step Sonogashira coupling for ethyne-linked porphyrin dimers[44] 
A simpler one-step synthesis was reported by Odobel and co-workers in 2009.[50b]  They 
employed a double-headed Stille coupling of a mixture of haloporphyrins (46a, b) with 
1,2-bis(trimethylstannyl)acetylene in the presence of copper iodide to synthesise the 
homonuclear gold dyad (47) in 52% yield (Scheme 3.2). 
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Scheme 3.2  One-step synthesis of the gold ethyne dimer by Odobel and co-workers[50b] 
The proposed synthesis of the dizinc ethyne dimer C based on this one-step synthesis is 
given in Scheme 3.3.  Odobel and co-workers used the mixture of haloporphyrins 
because of the method of inserting Au(II) into the porphyrin.  Rather than start with a 
mixture, which might complicate the TLC monitoring, the bromoporphyrin (40b) and 
iodoporphyrin (48) were used in separate reactions. 
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Scheme 3.3 Synthesis of the ethyne-linked dimer by Stille coupling 
The reaction starting with the iodoporphyrin (48) was carried out four times, with 
reaction times varying from three to eleven hours, producing differing results (entries 1-
4, Table 3.1).  The reaction was carried out twice with the bromoporphyrin (40b), which 
also gave different results, detailed in the last two entries of the table. 
The most promising reaction to produce the ethyne dimer was entry 1, with a 43% 
recrystallised yield of the desired dimer.  1H NMR spectrum of the crude reaction 
mixture indicated that the butadiyne dimer 49 was also present, in approximately a 1:1 
ratio, but this was able to be separated by repeated column chromatography and 
recrystallisation.  Both attempts to reproduce this reaction (entries 2, 4) fell dismally 
short of the 43% yield.  The formation of the undesired butadiyne dimer 49 that 
accompanied every successful reaction, further hindering the yield, gave the indication 
that water or air must be getting into the reaction somehow.  For this reason, the DMF 
was distilled from calcium hydride in entry 4, and a new Sure/Seal™ bottle of DMF was 
purchased for the reaction in entry 5.  Distilling the DMF from calcium hydride was not 
seen to improve the reaction; unexpectedly the reaction did not proceed at all.  It is 
46a  X = Br 
46b  X = Cl 
47 
 
40b  X = Br 
48  X = I 
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possible although every care was taken to distill it quickly under reduced pressure, some 
of the DMF may have reacted with the calcium hydride, which hindered the reaction.  
The Sure/Seal™ DMF was seen to improve the ratio of the ethyne dimer C to the 
unwanted butadiyne dimer 49, although the yield was still less than that of entry 1. 
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The unsuccessful nature of entries 6 and 3 were attributed to using palladium catalyst 
that was not freshly prepared.  Although the catalyst used was not completely brown 
(which would indicate its decomposition), it was not the bright yellow of the pure 
reagent, which is an essential element of the coupling reaction.  Entry 6 also had the 
addition of cesium fluoride after 23 hours because a very similar synthesis [1,2-bis(tri-n-
butylstannyl) acetylene in place of 1,2-bis(trimethylstannyl)acetylene] included this 
reagent in their procedure.[43] 
Table 3.1  Summary of Stille coupling reactions to produce the ethyne dimer 
Entry 
Starting 
material 
Reaction 
time/hrs 
Product(s) 
Yield 
of C 
Ratio 
C:49 
Notes 
1 48 3 hours C, 49 43% 1:1 Fresh catalyst 
2 48 4 hours C, 49 5% 1:1 Fresh catalyst 
3 48 6 hours 49 - - Dry box used 
4 48 11 hours 48, 50 - 
3.5:1 
(48:50) 
DMF distilled off 
CaH2, fresh catalyst 
5 40b 7 hours C, 49 17% 1.8:1 
New Sure/Seal™ 
DMF, fresh catalyst 
6 40b 48 hours NR - - 
Dry box used, CsF 
added after 23 hrs 
 
The refinement of this reaction has not been carried out, as enough of the ethyne dimer 
(C) was obtained for its characterisation and analysis.  Prior to the successful synthesis 
of this dimer, two speculative methods were also carried out and are described below. 
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3.3 Synthesis of the Ethyne Dimer Using Calcium Carbide 
A new approach to synthesising symmetrical diarylethynes using calcium carbide was 
reported in 2006 by Zhang et al.[68]  This work involved the double-ended Sonogashira 
coupling of aryl bromides with calcium carbide as the acetylene source.  This work was 
further developed by Chuentragool et al.[69] for aryl iodides in 2011.  The relatively 
inexpensive reagent allows the synthesis of symmetrical diarylethynes in good to 
excellent yields without strict conditions, and in one step rather than the three-step 
method outlined in Scheme 3.1.  One example of the Pd-catalysed coupling of an 
extended aromatic system is given in Scheme 3.4 
I
+ CaC2
(i)
 
Scheme 3.4  Pd-catalysed coupling of iodonaphthalene with calcium carbide; (i) 1 eq aryl iodide, 3 eq 
CaC2, 5% Pd(OAc)2, 10% PPh3, 10% CuI, 3 eq TEA, MeCN, rt, N2, 12 hrs, 96% isolated yield[69] 
This symmetrical coupling seemed promising, so the reaction detailed in Scheme 3.5 
was proposed.  After stirring for one day, a second spot was visible by TLC (CHCl3).  
After another day, the concentration of this spot had not changed, so the reaction was 
stopped.  Analysis by UV/visible spectroscopy did not show the expected profile of the 
ethyne dimer, and when the mixture was analysed by 1H NMR spectroscopy, it was 
evident that an unknown product was present in a ratio of 1:10 with the meso-
iodoporphyrin starting material 48.  It wasn’t until much later that the unknown product 
was identified as the desired ethyne dimer C, and it was thought to have gone unnoticed 
in the UV/visible spectrum due to the much larger amount of monomer that was present.  
Consequently, this reaction was not pursued further for the formation of the ethyne 
dimer, although the results are quite promising. 
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Scheme 3.5  Synthesis of the ethyne dimer using calcium carbide 
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3.4 Synthesis of the Ethyne Dimer by Oxidation of the Ethene Dimer 
As mentioned in section 2.5, oxidation of the ethene dimer (B) to obtain the ethyne 
dimer (C) by a suitable oxidising agent is a possible synthetic route.  This would be a 
much simpler synthetic route than either the three-step Sonogashira coupling or the Stille 
coupling discussed above.  2,3-Dichloro-5,6-dicyano-1,4-benzoquinone was chosen, as it 
is an effective dehydrogenating oxidant, and is commonly used in porphyrin chemistry.  
The proposed reaction is illustrated in Scheme 3.6. 
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Scheme 3.6  Proposed oxidation of the ethene dimer to the ethyne dimer 
This reaction was carried out using ten molar equivalents of DDQ in toluene with 
stirring at room temperature.  Although the TLC data looked promising, 1H NMR 
spectroscopy confirmed that no reaction had taken place.  This reaction has not been 
pursued further, as synthesis of the ethyne dimer C by the Stille coupling was successful. 
 
3.5 Characterisation and Spectroscopic Data of the Butadiyne Side 
Product 
The zinc butadiyne dimer 49 produced as a side product of the Stille coupling was 
characterised by 1H NMR and mass spectroscopy, and X-ray crystallography.  The low 
resolution mass spectrum (MALDI) of the dimer exhibited a characteristic zinc isotopic 
cluster, with the observed peak of maximum intensity at a mass to charge ratio of 1253.2 
being slightly heavier than that calculated for the oxidised ion [M]+ (1250.2).  A 
combination of the protonated ion [M+H]+ and the oxidised ion [M]+, with their 
attendant zinc isotope patterns are present.  Although the data are somewhat inaccurate, 
the presence of the dimer is indicated by 1H NMR spectroscopy and confirmed by the X-
ray crystal structure (see below). 
The 1H NMR spectrum is given in Figure 3.1.  The profile of the spectrum is very similar 
to that of the ethyne dimer C (see section 3.6.1), except that the β-proton doublet a is 
further upfield, and the coupling of multiplet c is less defined.  The downfield position of 
B C 
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a indicates that the electronic communication through the bridge is good, but not as 
efficient as the ethyne dimer C.  It also indicates the lesser through-space deshielding 
effect of the other porphyrin ring.  This will be discussed in more detail in section 3.6.1. 
 
 
 
 
Figure 3.1 1H NMR spectrum of the butadiyne dimer 49 in CDCl3; the lower case letters are representative 
of the protons in those positions 
A crystal of the butadiyne dimer 49 suitable for X-ray crystallography was 
serendipitously grown from the butadiyne-rich mother liquor of a recrystallisation of the 
ethyne dimer C using slow diffusion of pentane into a solution in pyridine and is shown 
in Figure 3.2.  The X-ray diffraction data were collected and analysed by Mr Michael 
Pfrunder at QUT.  The close similarities between 49 and C mean that the structure is still 
of interest.  The crystal structure of 49 is best described by the P21/c space group.  The 
coordinated pyridine molecules are on the same side of the dimer (see Figure 3.3), 
contrary to previously reported zinc butadiyne crystal structures, where binding of the 
ligand on opposite sides of the dimer resulted in molecular inversion symmetry.[70]  The 
angle between the two porphyrin C20N4 mean planes is 5.50° and the angles around the 
bridge carbon are 175.8(6)°, 177.4(7)°, 179.3(7)° and 176.3(6)° from left to right.  The 
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rings are therefore almost coplanar, and the bridge is almost linear.  The distances 
between the bridge carbon are almost symmetrical, and measure (from left to right) 
1.418(7) Å (C-C), 1.188(8) Å (C≡C), 1.375(8) Å (C-C), 1.190(7) Å (C≡C) and 1.428(7) 
Å (C-C).  The distance between the C20N4 and N4 mean planes and zinc atoms are 0.405 
Å and 0.352 Å for the left ring, and 0.394 Å and 0.344 Å for the right ring, respectively.  
This slight doming towards a square pyramidal geometry induced by the coordinated 
ligand can be seen in the edge-on view in Figure 3.3.  The Zn-Npyridine bond length is 
2.165(4) Å for the left ring and 2.145(4) Å for the right ring, which are comparable to 
those reported in the literature for butadiyne dimers.[70b]  The distal phenyl substituent of 
the porphyrin ring on the right is disordered over two positions in space, and the nitrogen 
of the pyridine solvate is disordered over all six positions of the aromatic ring. 
 
Figure 3.2  Crystal structure of butadiyne dimer 49; hydrogen and solvate atoms omitted for clarity 
 
Figure 3.3  Edge-on view of butadiyne dimer 49; hydrogen and solvate atoms omitted for clarity 
The solid-state packing consists of duplexes of the dimer, with π-stacking facilitated by 
the lateral phenyl substituents of one dimer with the coordinated pyridine of the other, as 
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can be seen in Figure 3.4.  The pyridine solvate molecules are also involved in the π-
stacking, and are found in channels throughout the crystal packing. 
 
Figure 3.4  The solid-state duplex of butadiyne dimer 49; hydrogen and solvate atoms omitted for clarity 
 
3.6 Characterisation and Spectroscopic Data of the Ethyne Dimer 
The zinc ethyne dimer C has been characterised by 1H and 13C NMR spectroscopy 
(including homonuclear proton correlation NMR), mass spectrometry UV/visible 
absorption spectroscopy, fluorescence emission spectroscopy and Raman spectroscopy.  
These data will be discussed here.  Although every effort was made to grow a crystal 
suitable for X-ray crystallographic analysis, this has been unsuccessful to date.  The low 
resolution mass spectrum (MALDI) of the zinc ethyne dimer C showed a characteristic 
zinc isotopic cluster and a molecular mass matching the expected value, and is given in 
the appendix. 
 
3.6.1 1H NMR Spectra 
The 1H NMR spectrum of the ethyne dimer C is given in Figure 3.5, and was assigned 
with the aid of correlation and nuclear Overhauser effect (NOE) spectroscopy.  The 
symmetry of the dimer is evident, as the 1H NMR spectrum resembles that of a meso-
substituted monomer.  The position of the doublet corresponding to the four β-protons 
closest to the ethyne bridge (10.42 ppm) is very similar to Therien’s ZnDPP ethyne 
dimer (9), at 10.43 ppm[15] and somewhat upfield of Anderson’s ZnDAP ethyne dimer at 
10.48 ppm.[53]  This large downfield shift of the doublet when compared with ZnTriPP-
C≡CH[71] (9.75 ppm) is indicative of the excellent electronic communication between the 
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rings, and is further downfield than the butadiyne dimer because of the effects of the 
orientation in solution and the greater deshielding of the closer secondary porphyrin ring.  
The signal is also further downfield than the corresponding β-proton signals of the 
ethene (10.06 ppm) and azo (10.32 ppm) dimers.  The ortho protons of the phenyl 
substituents are differentiated into two environments, each appearing as a doublet with 
additional resolved coupling.  Doublet d at 8.27 ppm corresponds to the lateral ortho 
protons of the 10, 20, 10’ and 20’ phenyl groups, while the smaller doublet e at 8.20 ppm 
corresponds to the distal ortho protons of the 15 and 15’ phenyl groups.  The meta and 
para protons do not exhibit such an obvious differentiation, appearing as a multiplet at 
7.78-7.73 ppm. 
 
 
Figure 3.5  1H NMR spectrum of the ethyne dimer C in CDCl3; the lower case letters are representative of 
the protons in those positions 
The correlation spectrum (COSY) of the ethyne dimer C is given in Figure 3.6.  The 
cross peaks indicate the protons that are coupled to one another through bonds.  The 
cross peak between the doublets of proton a and b indicates that they are adjacent to one 
another in the molecule.  The large downfield shift of doublet a indicates that the 
corresponding protons are in a very different environment to those of doublet b, and that 
the deshielding effect of the other porphyrin ring affects a more strongly.  The 
overlapping doublet c has a large peak on the diagonal, as the two overlapping doublets 
are coupled to each other.  The ortho and meta/para protons are also coupled to each 
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other, and the coupling does indicate that the meta/para protons of the distal phenyl 
groups may lie slightly upfield of the lateral meta/para protons. 
 
Figure 3.6  COSY spectrum of the ethyne dimer C in CDCl3 
The nuclear Overhauser effect spectrum (NOESY) of the ethyne dimer C is given in 
Figure 3.7.  In this spectrum, the cross peaks indicate the protons that are closer than 5 Å 
through space.  For an idea of this distance with respect to porphyrins, the porphyrin 
core is approximately 7 Å across, so it is slightly less than this distance.  There is an 
appreciable level of noise in the spectrum, especially from the meta/para-phenyl proton 
peak f, but this is unavoidable for the weaker cross-peaks to be visible.  β-Proton doublet 
a is seen to correlate through space to β-proton doublet b, β-proton doublet c, the lateral 
ortho-phenyl proton doublet d, and the meta/para-phenyl proton multiplet f.  The 
weakest of these couplings is between a and c, whose protons are furthest away from 
each other in the molecule.  β-Proton doublet b is correlated to β-proton doublet c, 
lateral ortho-phenyl proton doublet d, and the meta/para-phenyl proton multiplet f, in 
addition to the previously observed correlation with a.  The overlapping β-proton 
doublet c is correlated with doublet e (distal ortho-phenyl protons), and the meta/para-
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phenyl protons multiplet f, as well as the aforementioned correlations.  The ortho-phenyl 
protons of both the lateral and distal phenyl groups (d, e) have obvious correlation cross 
peaks with the meta/para-phenyl proton multiplet f.  All of the above through-space 
correlations are possible considering the orientation of the porphyrin dimer in space, 
including the expected orthogonality of the phenyl substituents. 
 
Figure 3.7  NOESY spectrum of the ethyne dimer C in CDCl3 
 
3.6.2 Electronic Absorption Spectra 
The UV/visible absorption spectrum of zinc ethyne dimer C is given in Figure 3.8. 
Porphyrin dimer spectra are very unlike the monomer spectra, as the conjugation is 
extended while the aromaticity of each porphyrin ring is reduced.  The sharp, intense 
profile of the lowest-energy Soret band is an interesting feature common to most ethyne 
dimers, especially the Zn(II) complexes.  The two maxima of the Soret band are 
separated by 4450 cm-1 and the lowest energy Q band is red-shifted by 2370 cm-1 to 694 
nm when compared to ZnTriPP-C≡CH in CH2Cl2[71].  Another notable feature is the 
extinction coefficient of the lowest energy band per porphyrin unit (28.0 mM-1 cm-1), 
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especially in comparison with ZnTriPP-C≡CH (23.4 mM-1 cm-1).[71]  This intensification 
is a result of the Q bands being allowed for dimers, as the transitions are no longer 
forbidden by Gouterman’s four orbital theory.[13] 
 
Figure 3.8  UV/visible absorption spectrum of the ethyne dimer C in toluene 
The splitting of the Soret band, and red-shift and intensification of the lowest energy Q 
band for C, the ZnDPP ethyne dimer 9 reported by Lin and Therien,[15] and the ZnDAP 
ethyne dimer reported by Screen et al.[53] are detailed in Table 3.2.  Each dimer is 
compared to the respective ethynyl monomer from the literature, although it must be 
noted that there are some solvent differences.  The magnitude of the Soret splitting for 
the ZnTriPP ethyne dimer C is very similar to that of the ZnDAP ethyne dimer, which 
are both greater than the ZnDPP ethyne dimer 9.  This could be a solvent effect, as 9 was 
recorded in CHCl3 in the absence of pyridine, while the other two dimers were in the 
presence of at least coordinated pyridine.  The sharp, intense low-energy Soret 
component of ZnDPP ethyne dimer 9 is also much more suppressed than the other two 
dimers, which is commonly seen when the absorption spectra are recorded in the absence 
of pyridine. 
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Table 3.2  UV/visible absorption data for the ethyne dimer C 
Compound 
Peaks / nm 
(ε / mM-1 cm-1) 
Soret 
Splitting  
/ cm-1 
Red-
Shifta  
/ cm-1 
Intensificationb 
/ mM-1 cm-1 
ZnTriPP 
ethyne 
dimer Cc 
414 (118), 449 (81.1), 483 (318), 
550 (16.7), 694 (55.9) 
3450 2370f 4.55f 
ZnDPP 
ethyne 
dimer 9d[15] 
421 (93.3), 433 (83.2), 446 (77.6), 
478 (126), 549 (14.1), 553 (13.8), 
625 (12.3), 683 (23.4) 
2830 2030g 8.54g 
ZnDAP 
ethyne 
dimere[53] 
415 (162), 434 (148), 481 (389), 
710 (69.2) 
3310 3770h 17.2h 
Notes 
a of lowest energy Q band; b intensification of extinction coefficient per 
porphyrin unit of the lowest energy Q band; c recorded in toluene, with 
coordinated pyridine present; d recorded in CHCl3; e recorded in CH2Cl2/1% 
pyridine; f compared to ZnTriPP-C≡CH in CH2Cl2[71]; g compared to ZnDPP-
C≡CH in CHCl3; h compared to ZnDAP-C≡CH in CH2Cl2/1% pyridine 
 
The red-shift of the lowest energy Q band of Anderson’s ZnDAP ethyne dimer 
compared to ZnDAP-C≡CH is much greater then ZnTriPP ethyne dimer C or ZnDPP 
ethyne dimer 9 compared to each of their analogous monomers.  The lowest energy Q 
band of ZnTriPP ethyne dimer C is also slightly more red-shifted than ZnDPP ethyne 
dimer 9.  The increase in extinction coefficient per porphyrin unit for the ethyne dimers 
compared to their respective analogous monomers increases in the order ZnTriPP ethyne 
dimer C < ZnDPP ethyne dimer 9 < ZnDAP ethyne dimer.  The structural differences in 
the dimers do not give any indication into the cause of the differences discussed here, 
although the dimers were all recorded in slightly different solvents, which limits 
comparison between the three dimers. 
 
3.6.3 Fluorescence Emission Spectra 
The fluorescence emission spectra of the zinc ethyne dimer C in toluene are shown in 
Figure 3.9.  Excitation of the ethyne dimer C at the maximum of each component of the 
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absorption spectrum resulted in fluorescence emission with a maximum at 716 nm that 
tailed towards the low-energy end of the spectrum.  This profile is rather similar to that 
reported by Lin and Therien[15] for their ZnDPP ethyne dimer 9 (λmax = 720.4 nm ) and 
Screen et al.[53] for the ZnDAP ethyne dimer (λmax = 730 nm).  The quantum yield was 
measured to be 11.6%, which is greater than 7% that was reported for Anderson’s 
ZnDAP ethyne dimer.[53]  The excitation spectrum recorded upon monitoring at the 716 
nm emission band indicates that the fluorescence arises from all components of the Soret 
band, as well as both of the Q bands.  This indicates that all conformations of the dimer 
in space contribute to the fluorescence emission, however the more conjugated 
conformations that absorb at 482 nm give rise to the most intense emission.  The 
intensity of the fluorescence is greater than that reported for the ethene dimer B or azo 
dimer E, under the same conditions, as will be discussed in section 6.4.  The lowest 
energy Q band is almost coincident with the fluorescence emission; with a Stokes shift 
of only 443 cm-1.  This does inhibit the measurement of the fluorescence emission when 
exciting at this lowest energy band. 
 
Figure 3.9  Fluorescence emission spectra of the ethyne dimer C in toluene upon excitation at different 
wavelengths; 414 nm (solid black), 449 nm (dashed black), 482 nm (dotted black), 550 nm (solid blue), 694 
nm (dashed blue), and the excitation spectrum upon monitoring at the 716 nm emission band (dotted blue); 
§ overtone of the 716 nm emission frequency 
 
3.6.4 Raman Spectrum 
The Raman spectrum of zinc ethyne dimer C is given in Figure 3.10.  The band at 2161  
cm-1 falls in the range of that for carbon-carbon triple bond stretches, which are very 
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strong in Raman spectra, as can be seen.  The bands at 1539, 1515 and 1451 cm-1 
correspond to aromatic C-C stretching, while the bands at smaller wavenumbers arise 
from non-aromatic C-C stretching and aromatic ring breathing. 
 
 
Figure 3.10  Raman spectrum of zinc ethyne dimer C 
 
3.7 Conclusion 
The ZnTriPP ethyne dimer C was produced in yields up to 43% by the double Stille 
coupling of ZnTriPPI (48) or ZnTriPPBr (40b) and bis(trimethylstannyl)acetylene.  
Although the ethyne dimer C was always accompanied by the undesired ZnTriPP 
butadiyne dimer 49, these were able to be separated by column chromatography.  The 
ethyne dimer C has therefore been characterised by 1H and 13C NMR spectroscopy, mass 
spectrometry, UV/visible absorption and fluorescence emission spectroscopy, and 
Raman spectroscopy. 
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4 Synthesis and Characterisation of Imine Diporphyrins 
4.1 Introduction 
The imine-linked porphyrin dimer D provides a structural intermediate between the 
ethene and azo porphyrin dimers.  It also possesses intrinsic polarity in the heteronuclear 
bridge; an aspect that has the potential to lead to a long-lived charge transfer state.  This 
chapter discusses the varying synthetic routes employed to obtain the imine dimer, as 
well as the synthesis of novel monomeric porphyrin compounds, and their 
characterisation and spectral data. 
 
4.2 Review of Imine Formation Reactions 
4.2.1 Acid-Catalysed Imine Formation 
By far the most common method of synthesising imines is the acid-catalysed 
condensation of an aldehyde and primary amine.  This general synthetic route is depicted 
in Scheme 4.1. 
R
H
O + RH2N R N
R
HH+
-H2O  
Scheme 4.1  General acid-catalysed imine formation 
More substituted imines can also be prepared by this method, starting from substituted 
amines and ketones, however longer reaction times and elevated temperatures are 
usually required.  Often, the formation of the imine product is not favoured and water 
removal is required.  This is typically effected by azeotropic distillation, molecular 
sieves, or drying agents such as TiCl4.[72]  When TiCl4 is employed, HCl is produced as a 
side product, so a large excess of the slightly basic amine is required to allow the 
reaction to take place.[73]  The imine product is generally unstable if only simple R 
groups are present, in which case the imine rapidly decomposes or polymerises until an 
aryl group is present on the carbon or the nitrogen.[72]  With the presence of at least one 
aryl group on the carbon, the imine is quite stable, and is termed a Schiff base.[72] 
The use of 4 Å molecular sieves as a water scavenger has been shown by Baghbanzadeh 
and Kappe[74] to be most effective at ambient temperatures, and decreasingly effective 
with increasing temperature.  This was determined by a study of imine and acetal 
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formation at room temperature, 50°C, 70°C, and 90°C.  The yield of acetal formation 
was seen to diminish from 90% at room temperature to just 50% at 90°C.  The imine 
formation followed the same trend, but to a lesser extent, with 86% conversion at room 
temperature, and 55% at 90°C.  An experiment was also carried out to demonstrate the 
reversibility of the acetal reaction, where the room temperature reaction containing 90% 
of the acetal product was then heated with molecular sieves at 90°C for four hours.  
After the additional heating, the acetal conversion was seen to reduce to 50%, back in 
line with the original data.[74]  This reduced conversion is obviously undesired, but may 
be an unfortunate side-effect if high temperatures are required for the imine 
condensation to take place. 
Although this acid-catalysed condensation is the best method for the preparation of 
Schiff bases, care must be taken in choosing the appropriate water scavenging method. 
 
4.2.2 Microwave-Assisted Imine Formation 
In recent years, a number of papers have reported the microwave-assisted formation of 
imines.[74-75]  Generally, these studies have found that the use of microwave irradiation 
led to higher yields with shorter reaction times.[75a, 75e]  One example of this is the 
condensation of 51 and 52 to give 53, as illustrated in Scheme 4.2. 
S
O
O
H2N NH2 + 2
HO
H
O
S
O
O
NN
HH
HOOH
(i) MeOH/DMF, 2 drops conc. HCl, reflux
(ii) EtOH/DMF, hν (mw) 200 W
 
Scheme 4.2  Synthesis of 53 by the (i) conventional method and (ii) microwave-assisted method[75a] 
The conventional method of heating under reflux gave a yield of 75% after 10 minutes.  
The microwave-assisted method improved on this, with a yield of 92% after just 10 
seconds.[75a]  As well as these advantages, the microwave reaction was operationally 
simpler, with a cleaner reaction and easy work-up.  The authors did not mention any 
reason for the improved yield or shorter reaction time, however this has been under 
debate by synthetic chemists for some time.  The question that has lingered is whether 
51 
 
52 
 
53 
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the microwave effects are purely thermal/kinetic effects, or if the effects are specific, 
non-thermal microwave effects.[76] 
The thermal/kinetic effects caused by the microwave dielectric heating mechanisms 
include: 
(i) the superheating effect of solvents at atmospheric pressure, 
(ii) the selective heating of reagents or catalysts that strongly absorb microwave 
energy in a medium that does so to a much lesser extent (and effects that 
arise from multiphase liquid/liquid systems that have selective heating), 
(iii) the direct coupling of microwave energy to specific reagents that may cause 
“molecular radiators” or microscopic hotspots to form in homogenous 
solution, and 
(iv) inverted temperature gradients that eliminate wall effects.[76] 
Any influence on the reaction from these effects are still considered to be thermal 
phenomena.  The specific, non-thermal effects include the argument that a direct, 
stabilising interaction exists with the electromagnetic field and specific molecules, 
intermediates or transition states which does not contribute to a change in the reaction 
temperature.  This interaction has also been argued to affect the orientation of dipolar 
molecules or intermediates in the electric field, and thus changing the activation energy 
or the pre-exponential factor A (defined in the Arrhenius equation) for certain types of 
reactions.[76] 
An essay by Kappe et al.[76] dismisses the existence of any specific, non-thermal effects 
due to microwave radiation for chemical transformations.  This is now widely accepted 
by scientists, as the energy of microwave photons is thought to be too low to cleave 
molecular bonds directly, or “induce” chemical reactions by their absorption.  Claims of 
the existence of these specific, non-thermal effects still persist in the field of organic 
synthesis, which the authors attribute to the poor control of process parameters.[76]  The 
most fundamental of these parameters is the measurement of the temperature within the 
reaction vessel.  Most conventional microwave reactors use external IR temperature 
sensors that record the external temperature of the reaction vessel.  The use of fast-
responding internal fiber-optic (FO) probes is much more suitable for the accurate 
measurement of temperatures inside the reaction vessel.  Kappe et al.[76] also reported the 
repetition of a synthesis by Rosana et al.[77] where specific, non-thermal effects were 
claimed.  This repetition found that when monitoring the temperature with an internal 
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FO probe rather than the external IR sensor, the specific, non-thermal effects were not 
observed.  The conversion of the starting material to the product was seen to be 
consistent for either microwave or conventional heating under precise temperature 
control. 
Another aspect to consider for microwave-assisted imine reactions is the removal of 
water to bias the reaction equilibrium in favour of the products.  While the addition of 
molecular sieves to the reaction vessel seems the simplest option, this has been found by 
Baghbanzadeh and Kappe[74] to be ineffective at elevated temperatures.  This was 
determined in the same study as the ineffectiveness of molecular sieves under 
conventional heating.  Further analysis of the molecular sieves in carbon tetrachloride 
under microwave irradiation in a quartz reaction vessel revealed elevation of the bulk 
temperature of the solvent with increasing mass of molecular sieves present.[74]  This 
indicates that the molecular sieves themselves act as a passive heating element in the 
reaction vessel.  All of this leads one away from the use of molecular sieves in 
microwave-assisted, or high temperature reactions. 
The major upside to microwave-assisted synthesis comes with the rapid superheating of 
solvents past their boiling points in the sealed vessel under the build-up of pressure.  
This allows many reactions to be completed in much shorter time periods, and often with 
less unwanted side-products and easier work-up.  For these reasons, the use of 
microwave-assisted synthesis of the imine dimer was investigated, and will be described 
shortly. 
 
4.2.3 Previous Synthesis of Imine-linked Porphyrin Dimers 
The only report in the literature of an imine-linked dyad was that of Screen et al.[53] in 
2002.  This synthesis involved refluxing toluene over a Soxhlet extractor containing 3 Å 
molecular sieves, with an acidic exchange resin (Amberlyst 15), acid (TFA) and base 
(pyridine) for two days, as given in Scheme 4.3.  The yield of this reaction was only 
32%, which the authors attributed to the degradation of the aminoporphyrin 18 under the 
harsh conditions.  By refluxing the toluene over a Soxhlet containing the molecular 
sieves, the water is able to be azeotropically removed from the reaction mixture, and as 
the solvent cools in the Soxhlet thimble, the water is removed at a much lower 
temperature. 
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Scheme 4.3  Synthesis of the imine-linked dimer 17[53] 
As mentioned in Chapter 1, the imine dimer 17 has extremely limited conjugation when 
compared to the analogous ethyne and azo-linked dimers.[53]  The close relationship 
between this ZnDAP imine dimer 17 and the ZnTriPP imine dimer 26 makes this 
synthesis a suitable starting point for its synthesis. 
 
4.2.4 Possible Alternate Routes to the Imine-Linked Dimer 
Other synthetic routes that were evaluated include the aza-Wittig reaction, and amination 
of the meso-haloporphyrin with a meso-aminomethyl.  The aza-Wittig reaction is similar 
to the known Wittig reaction, however the phosphorus ylide is a phosphazene, with the 
general synthetic route given in Scheme 4.4. 
R N P
R1
R2
R3
+ O
R4
R5
(i) R N
R5
R4
O P
R1
R3
R2+
 
Scheme 4.4  General aza-Wittig reaction; (i) neutral solvent, no catalyst[78] 
The nucleophilicity of the phosphazenes is outstanding, and combined with the 
elimination of phosphorus in an oxidised state, allows the conversion of P=N bonds into 
C=N bonds under very mild conditions.  One example of a substituted imine prepared by 
this method is the reaction of phosphazene derivatives of quinoline with aldehyde 
derivatives, as given in Scheme 4.5.  The imines were obtained in good to excellent yield 
(73 and 81%) in anhydrous THF.[79] 
N
R1
N
O
H
+
PPh3
N
R1
NR2 R2
 
Scheme 4.5  Imine formation from phosphazene derivatives of quinolone and aldehyde derivatives; R1 = H, 
R2 = 4-Me (81%); R1 = 6,7-(MeO)2, R2 = 3,4-(MeO)2 (73%)[79] 
17 
 
19 
 
18 
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As this reaction provides a simple synthetic route with very mild conditions for aromatic 
imines, it looks to be a promising candidate. 
The much longer synthesis of the imine dimer from the meso-aminomethylporphyrin and 
meso-haloporphyrin is proposed as an alternate route to those described above.  It 
involves six steps, beginning with reaction of the meso-formylporphyrin 54 to the meso-
aminomethylporphyrin 57 over three steps, followed by amination of a meso-
haloporphyrin (43a or 40c) to the secondary amine dimer, and finally oxidation with 
DDQ or other suitable oxidant to the imine dimer and metallation with zinc(II), as 
detailed in Scheme 4.6.  The first two steps are well-known for the OEP derivatives, and 
were developed by Arnold et al.[67] in 1978.  The remaining steps are more explorative, 
although the latter are rather straight forward. 
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Scheme 4.6  Proposed six-step synthesis of the imine dimer D 
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4.3 Synthesis of the Imine-Linked Porphyrin Dimer 
4.3.1 Synthesis Following Previous Literature 
The initial attempts to synthesise the imine dimer were adapted from that reported by 
Screen et al.,[53] due to the close relationship between the porphyrins.  The proposed 
synthesis is given in Scheme 4.7, with the same conditions used as reported in the 
literature, except that Amberlyst 15 was replaced with Amberlite IR-120H. 
N
N N
N N
N N
N N
N N
N
N
N
N N
N
Ph
Ph
Ph
NH2
Ph
Ph
Ph Ph
Ph
Ph
Ph
Ph
Ph
Zn Zn Zn Zn
toluene
Amberlite IR-120H
pyridine
TFA
120°C
+
O
+ H2O  
Scheme 4.7  Proposed synthesis of the imine linked dimer D 
The first attempt following this scheme did not involve the use of a Soxhlet, as one was 
not available.  3 Å Molecular sieves were employed for the water removal, however they 
were present in the reaction mixture itself, at a temperature of 120°C, which severely 
inhibits their optimal performance.[74]  After 77 hours, only the meso-formylporphyrin 60 
was recovered.  Another attempt was conducted with a Dean-Stark apparatus for water 
removal.  This reaction was heated under reflux conditions for 30 hours, however no 
progress was seen.  A third and final attempt of this reaction employed an apparatus 
similar to that of a Soxhlet (see Figure 4.1) with 3 Å molecular sieves for water removal, 
however this was also unsuccessful, with only the meso-formylporphyrin 60 recovered 
after refluxing for nine days. 
From these attempts it was clear that the aminoporphyrin 59 was also degrading under 
the harsh conditions, as Screen et al.[53] had reported for their aminoporphyrin 18.  The 
array of reagents in the reaction mixture makes it difficult to discern the role of each 
reagent, or to refine the reaction.  The Amberlyst or Amberlite is an acid-exchange resin, 
which presumably aids in the imine formation.  A second acidic source (TFA) is also 
present, which would be expected to fulfil the same role.  Alongside the acids, there is 
also a base, pyridine.  This could coordinate to the zinc ions, possibly preventing them 
from being removed in the presence of the acid, or aid in the equilibration of the imine 
double bond.  As the paper does not explain why this mixture of reagents was used, and 
59 60 D 
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all attempts of reproducing the analogous reaction were unsuccessful, the focus shifted to 
the microwave-assisted synthesis. 
 
Figure 4.1  Soxhlet-like water removal apparatus; condenser above a dropping funnel which is plugged 
with glass wool to prevent the molecular sieves from falling into the reaction mixture 
 
4.3.2 Microwave-Assisted Synthesis of the Imine-Linked Dimer 
The microwave-assisted synthesis of the imine dimer was initially investigated using the 
nickel analogues of aminoporphyrin 59 and formylporphyrin 60, 61 and 28, respectively.  
Nickel porphyrins generally have similar reactivity to zinc porphyrins, although the 
reactions are often higher yielding.  In addition to this, the monomeric precursors are 
easier to prepare and handle.  Scheme 4.8 shows the microwave-assisted syntheses of 
imine-linked diporphyrins, under various conditions, with the details given in Table 4.1 
(all reactions performed with microwave irradiation). 
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Scheme 4.8  Synthesis of varying imine-linked dimers under microwave irradiation 
Glass wool plug with 
3 Å molecular sieves 
above open valve 
61  M = Ni 
59  M = Zn 
62  M = 2H 
29  M = Ni 
60  M = Zn 
54  M = 2H 
63  M1,2 = Ni 
D   M1,2 = Zn 
64  M1 = 2H, M2 = Zn 
65  M1,2 = 2H 
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Entries 1-4 of Table 4.1 correspond to the reactions in which nickel porphyrins 61 and 
29 were used.  In the first reaction (entry 1), the reaction mixture was initially heated for 
30 minutes at 150°C in the absence of trifluoroacetic acid (TFA).  Analysis by TLC 
(2.5% MeOH in CHCl3) indicated that the starting materials were still present, and no 
new compounds had been formed.  The reaction mixture was then heated for one hour at 
170°C.  Again, analysis by TLC indicated that no reaction or degradation had taken 
place.  At this stage, one equivalent (10 µL) of TFA was added in an effort to facilitate 
the reaction, and the mixture was heated for a final 30 minutes at 170°C.  This time it 
was clear by TLC analysis that a less polar compound was present.  To separate the new 
compound from the reaction mixture, a silica gel column was run.  From this, the first 
orange band was discarded as it was very dilute and contained a mixture of porphyrins 
(1H NMR spectral analysis).  The second khaki band contained the new compound as per 
the TLC plate.  The UV/visible absorption spectrum of this fraction contained a split 
Soret band, and intensified and red-shifted Q bands, indicating that the compound was 
dimeric.  The fraction was also analysed by various NMR spectroscopy techniques 
[1H, 13C (weak signal), COSY, NOESY, ROESY, DOSY], and the experimental data 
were similar to those reported by Screen et al.[53] for their ZnDAP imine dimer 17, 
although the 1H NMR shifts of our compound were further upfield.  On this basis, it was 
concluded that the compound was the desired nickel imine dimer 63, and the full 
characterisation is given in section 4.4.  The later dark green fractions of this product 
mixture were also analysed by 1H NMR spectroscopy, however each comprised a 
mixture of unidentified porphyrinic compounds, and were contaminated with plasticiser. 
Performing the reaction with one equivalent of TFA at 150°C for one hour produced the 
dimer (64) in 13% recrystallised yield (Table 4.1, entry 2).  Increasing the reaction time 
and adding the acid over time (0.1 eq per hour for the first nine hours, 0.4 eq for the last 
hour) did not lead to an increased yield of the dimer (6.5% recrystallised yield, entry 3).  
Each of these three attempts had been conducted in the presence of 3Å molecular sieves.  
Since the molecular sieves perform optimally at ambient temperatures, a reaction was 
performed to investigate their contribution to the yield of the product (Table 4.1, entry 
4).  Initially, only 0.1 equivalents of TFA were added, however after one hour at 150°C 
no progress was seen by TLC so an additional 0.9 equivalents were added and the 
reaction heated for another hour at 150°C.  After the second hour, the imine dimer 63 
was seen by TLC, as well as some of the formylporphyrin 29, however the 
aminoporphyrin 59 had seemingly degraded, as it was not visible on the TLC plate. 
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T
able 4.1  Sum
m
ary of m
icrow
ave-assisted im
ine form
ation reactions; yields are recrystallised yields after chrom
atography 
 
Entry 
Starting 
M
aterials 
Solvent 
A
cid  
(eq) 
Sieves 
used 
Tem
perature 
/ °C
 
R
eaction 
tim
e / hrs 
Product 
(%
 yield) 
N
otes 
1 
61, 29 (N
i) 
toluene 
TFA
 (0-1) 
yes 
150-170 
2 
63 (?) 
Im
ine form
ed, but too sm
all to quantify 
2 
61, 29 (N
i) 
toluene 
TFA
 (1) 
yes 
150 
1 
63 (13) 
 
3 
61, 29 (N
i) 
toluene 
TFA
 (0.1-1.3) 
yes 
150 
10 
63 (6.5) 
 
4 
61, 29 (N
i) 
toluene 
TFA
 (0.1-1) 
no 
150 
2 
63 (19) 
 
5 
59, 60 (Zn) 
toluene 
none 
yes 
150 
1 
8 
A
m
ine degraded, form
yl recovered 
6 
59, 60 (Zn) 
toluene 
TFA
 (0.1) 
yes 
150 
1 
9 
A
m
ine degraded, form
yl recovered 
7 
59, 60 (Zn) 
toluene 
A
l2 O
3 , TFA
 (0-0.8) 
no 
150 
3 
- 
B
oth starting m
aterials recovered 
8 
62, 60 (2H
/Zn) 
toluene 
TFA
 (0.1-0.2) 
no 
150 
2 
- 
B
oth starting m
aterials recovered 
9 
62, 60 (2H
/Zn) 
toluene 
TFA
 (0.1-0.5) 
no 
150 
5 
64 (2.5) 
 
10 
62, 60 (2H
/Zn) 
toluene 
TFA
 (0.1-0.8-6.5) 
no 
150 
9 
- 
B
oth starting m
aterials recovered as w
ell 
as som
e dem
etallated form
yl 
11 
62, 60 (2H
/Zn) 
toluene 
TFA
 (1) 
no 
150 
21 
- 
A
m
ine degraded, form
yl recovered 
12 
62, 60 (2H
/Zn) 
toluene 
TFA
 (0.5) 
no 
150 
0.25 
- 
B
oth starting m
aterials recovered as w
ell 
as som
e dem
etallated form
yl 
13 
62, 54 (2H
) 
toluene 
In(O
Tf)3  (1) 
no 
150 
1 
- 
R
eaction under nitrogen, both starting 
m
aterials recovered 
14 
62, 54 (2H
) 
D
M
F 
TFA
 (5) 
no 
250 
1 
- 
R
eaction under nitrogen, form
yl reduced 
to m
ethyl, am
ine recovered 
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After work-up, separation by column chromatography and purification by 
recrystallisation, the dimer was obtained in 19% yield.  This yield is presumably 
hindered by the degradation of the aminoporphyrin, and the problematic removal of 
water in the microwave vessel, however having enough of the nickel imine dimer 63 for 
characterisation, the focus was shifted towards the synthesis of the zinc analogue D. 
For the first experiment starting with the zinc aminoporphyrin (59) and zinc 
formylporphyrin (60) (Table 4.1, entry 5), no acid was added, as its presence might lead 
to demetallation of the porphyrins.  Analysis of the reaction mixture by TLC and 1H 
NMR spectroscopy indicated that only the formylporphyrin 60 was present after heating 
at 150°C for one hour.  A second reaction was conducted with a small amount of TFA 
(0.1 eq) in an attempt to catalyse the imine dimer formation before degradation of the 
aminoporphyrin 59.  This was also unsuccessful, and only the formylporphyrin 60 was 
recovered.  Another possible reason for the degradation of aminoporphyrin 59 was the 
presence of the molecular sieves.  It is known that molecular sieves can increase the bulk 
temperature of the reaction mixture inside the vessel, and the microwave reactor that was 
used for the synthesis was fitted with an external IR sensor rather than a much more 
accurate internal FO probe.  The temperature inside the reaction vessel could therefore 
have been higher than the recorded temperature, which could have attributed to the 
degradation.  A final attempt starting with the zinc porphyrins 59 and 60 (entry 7) 
utilised acidic aluminium oxide both as an acid and drying agent.  After two separate 
hours heating at 150°C in the microwave, the TLC data indicated that the 
aminoporphyrin 59 may have degraded.  In a last effort to obtain the dimer, 0.8 
equivalents of TFA were added and the reaction mixture heated for another hour at 
150°C, although this was also unsuccessful and spectral analysis by 1H NMR revealed 
that both starting materials were still present. 
Although the reason for the zinc aminoporphyrin 59 degradation in entries 5 and 6 could 
have been the presence of the molecular sieves, use of the free-base aminoporphyrin 62 
was investigated as a more stable alternative (Table 4.1, entries 8-12).  In each of these 
attempts, molecular sieves were not used as a drying agent because of the positive effects 
seen in the nickel porphyrin reaction upon their exclusion (entry 4).  The only reaction in 
which any of the free-base/zinc imine dimer 64 was obtained is given in entry 9.  The 
reaction mixture was heated at 150°C for an hour at a time, starting with 0.1 equivalents 
TFA and increasing by 0.1 equivalents each hour.  Each attempt to improve on this 
reaction was unsuccessful.  Longer reaction times (9 hours, entry 10; 21 hours, entry 11) 
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resulted in some demetallation of 60 and the degradation of 62, respectively.  The use of 
less TFA prevented any reaction from occurring (entry 8), and increasing (entry 11) or 
keeping the same amount (entry 12) of TFA led to some demetallation of 60, even when 
only heating for 15 minutes (entry 12).  The lack of success in reproducing the 
experiments and continued demetallation and degradation of the starting materials 
deterred further investigation of this route. 
Prior to giving up all hope on the microwave-assisted synthesis of the dimer, two vastly 
different reactions were performed starting with both the free-base aminoporphyrin 62 
and formylporphyrin 54 (Table 4.1, entry 13, 14).  The use of indium trifluoromethane-
sulfonate in place of TFA was briefly investigated (entry 13).  The key difference 
between TFA and In(OTf)3 is the type of acid.  TFA is a Brønsted acid, while In(OTf)3 
is a Lewis acid.  Only one reaction was carried out, and after heating at 150°C for one 
hour under nitrogen, no dimer formation was seen by TLC or 1H NMR spectroscopy.  
The final entry in the table involved the reaction of 62 and 54 at a much higher 
temperature (250°C) for one hour with five equivalents of TFA under nitrogen in DMF.  
This large excess of TFA was needed to ensure enough acid remained to aid the imine 
formation in the case that all of the pyrrolic nitrogen atoms of the starting materials were 
protonated (i.e. four eq).  The result of this reaction was quite unprecedented, as the 
formylporphyrin 54 was reduced to the methylporphyrin 66.  This result spurred 
investigation into the mechanism of the reduction, both with porphyrins and simpler 
aromatic compounds.  As this research was continued by Ms Sarah Fletcher, it will not 
be discussed here.  A paper describing the porphyrin reduction has been accepted for 
publication, thanks to the dedicated work of Ms Fletcher.[80]  It was found that 
formylporphyrins are reduced to the corresponding methylporphyrins under microwave 
irradiation in the presence of DMF/water.  The mechanism for the reaction has not been 
determined, and for simple arylaldehydes under the same conditions, the 
dimethylaminomethyl product is formed exclusively. 
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4.3.3 Acid-Catalysed Imine Synthesis 
Investigation of acid-catalysed imine formation was carried out in concurrence with the 
microwave-assisted synthesis.  The amount of acid used in almost every case was 
stoichiometric, so this group of reactions should be more correctly termed acid-mediated 
synthesis of the imine dimer.  The general acid-mediated syntheses of the imine dimers 
are given in Scheme 4.9.  Toluene and xylene were used as solvents for their azeotropic 
properties, with xylene allowing higher reaction temperatures. 
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Scheme 4.9  Synthesis of various imine dimers via acid-mediated condensation 
A number of reactions were carried out with different acids, and are summarised in 
Table 4.2.  A solid-state reaction was investigated with acidified aluminium oxide acting 
as the acid, drying agent, and also grinding agent (entry1).  The zinc aminoporphyrin 
(59) and formylporphyrin (60) were ground with a pestle for 35 minutes.  By this time, 
no reaction had occurred according to the TLC data (2.5% MeOH in CHCl3).  Generally, 
solid-state reactions are much faster than analogous solution reactions due to the closer 
proximity of the reacting molecules.  As no reaction progress was seen, the solution-
phase chemistry was resumed. 
There was still some uncertainty about the efficacy of molecular sieves as water-removal 
agents, especially in the high-temperature and microwave-assisted reactions.  To verify 
that the high temperatures were required for the reaction to proceed, and that acid-
catalysis combined with water removal by molecular sieves were not effective at 
ambient temperatures, the procedure shown in entry 2 was conducted.  The zinc 
aminoporphyrin 59 and formylporphyrin 60 were stirred at room temperature for one 
week in the presence of 0.2 equivalents p-toluenesulfonic acid.  Analysis of the reaction 
mixture by TLC indicated that both of the starting materials were still present, verifying 
that acid-catalysis and water removal at ambient temperature are not enough to persuade 
this condensation to take place.  Starting with the free-base porphyrins 62 and 54 and 
increasing the reaction temperature to 135°C (entry 3) still did not result in any imine 
D   M = Zn 
65  M = 2H 
59  M = Zn 
62  M = 2H 
60  M = Zn 
54  M = 2H 
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formation after refluxing for one day.  In this case, p-toluenesulfonic acid (3 eq) was 
used alongside the improvised apparatus (Figure 4.1) for water removal under a nitrogen 
atmosphere.  Additional aminoporphyrin 59 (0.5 eq) and p-toluenesulfonic acid (3 eq) 
were introduced to the reaction mixture, which was heated for another two days, but the 
formation of the imine dimer was still not seen.  Analysis of the reaction mixture by 1H 
NMR spectroscopy revealed that the formylporphyrin 60 was all that remained. 
Table 4.2  Summary of acid-mediated imine formation reactions 
Entry 
Starting 
Materials 
Solvent 
Acid  
(eq) 
Type of 
acid 
Temperature 
/ °C 
Reaction 
time 
Product 
(% 
yield) 
1a 
59, 60 
(Zn) 
none Al2O3 (7)  RT 35 min - 
2a 
59, 60 
(Zn) 
toluene 
pTsOH 
(0.2) 
Brønsted RT 7 days - 
3b 
62, 54 
(2H) 
xylene 
pTsOH (3-
6) 
Brønsted 135 3 days - 
4c 
62, 54 
(2H) 
toluene TFA  (5) Brønsted 120 12 days 65d 
5c 
62, 54 
(2H) 
xylene TFA (10) Brønsted 135 2 days 65d 
6b 
62, 54 
(2H) 
toluene 
In(OTf)3 
(1) 
Lewis 120 2.5 days 
65d 
67a/bd 
7b 
62, 54 
(2H) 
toluene ZnBr2 (8.5) Lewis 120 5 days Dd 
8b 
59, 60 
(Zn) 
toluene ZnBr2 (10) Lewis 120 2 days 
D 
(34%) 
Notes 
a starting materials recovered; b improvised water removal apparatus used (Figure 4.1) 
and reaction mixture under argon; c improvised water removal apparatus used (Figure 
4.1); d % yield not calculated, too little product or too impure 
 
Following the marginal success of trifluoroacetic acid for the microwave-assisted 
synthesis of the free-base/zinc imine dimer 64 (Table 4.1, entry 9), a similar reaction 
with conventional heating was investigated (Table 4.2, entry 4).  The free-base 
aminoporphyrin 62 and formylporphyrin 54 were used so that it was possible to include 
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5 equivalents of TFA without demetallation.  After three days refluxing the TLC data 
were difficult to interpret, so the reaction mixture was cooled and analysed by 1H NMR 
spectroscopy after an aqueous work-up.  This showed that some dimer had been formed, 
hence the reaction was reinitiated.  After another nine days refluxing, the concentration 
of the spot on the TLC plate that was thought to correspond to the imine dimer was not 
changing, so the reaction was stopped.  After another aqueous work-up and column 
chromatography, some free-base imine dimer 65 was obtained, and the starting materials 
(65, 54) were recovered.  The percentage yield was not calculated as there was not 
enough of the dimer.  Increasing the reaction temperature to 135°C using xylene in place 
of toluene did not improve the reaction.  Although some imine dimer was apparent by 1H 
NMR spectroscopy, it was not isolatable. 
It was becoming clear that the acids used up until this point were not very effective 
facilitators of the imine formation.  The predominant acid that had been used was 
trifluoroacetic acid, and although it was successful for the initial nickel microwave-
assisted syntheses, it had for the most part been problematic for the zinc and free-base 
attempts.  p-Toluenesulfonic acid had also been used twice, with no results.  Both of 
these acids are classified as Brønsted acids, meaning that they act by donating protons.  
For the acid-catalysed imine formation reaction mechanism (Scheme 4.10), the initial 
step can benefit from the donation of a proton to the carbonyl oxygen, resulting in a 
larger driving force for the attack of the carbonyl group by the amine.  After this step, 
however, the proton donation action of the acid only aids the reaction progress in the 
fifth step where water is lost.  It was thought that a different type of acid, such as a 
Lewis acid which acts by accepting electrons, may be better suited to facilitate the imine 
formation.  For this reason, indium trifluoromethanesulfonate (indium triflate) and zinc 
bromide were studied. 
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Scheme 4.10  General imine formation mechanism 
Indium triflate was the first of these to be used, starting with the free-base 
aminoporphyrin 62 and formylporphyrin 54 (Table 4.2, entry 6).  The reaction mixture 
was refluxed for 2.5 days, with no imine formation seen by TLC analysis (ethyl 
acetate/hexane), although an unexpected spot was appearing on the plate with a retention 
factor smaller than 54, and larger than 62.  1H NMR spectroscopy analysis of the crude 
reaction mixture after an aqueous work-up revealed that both of the starting materials 
were still present, along with a small amount of the imine dimer, and about the same 
amount of another compound.  The separation of this mixture by column 
chromatography resulted in the recovery of the aminoporphyrin 62, separation of the 
unknown compound, and a mixture of the formylporphyrin 54 and imine dimer 65, even 
after three attempts to separate them.  This mixture prevented the percentage yield 
calculation of 65.  The unknown compound was determined by 1D and 2D 1H NMR 
spectroscopy to be a heteronuclear free-base/indium imine dimer (67a/b).  There is a 
differentiation of the ortho-phenyl protons of the meso-substituents that indicates the 
presence of a five-coordinate ion, such as indium(III), doming the shape of the porphyrin 
ring, which will be discussed further in section 4.5.1.  At this stage, it is unknown 
whether the indium is in the N-porphyrin or C-porphyrin ring, as the required 
experiments have not been carried out, however only one structural isomer is present. 
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To prevent the formation of this unwanted dimer, it should be possible to start with the 
zinc porphyrins 59 and 60, although this was not attempted.  The positive result of this 
reaction did encourage the exploration of zinc bromide as the acid, as when the free-base 
porphyrins 62 and 54 are used, the zinc should easily be able to metallate the porphyrin 
rings, averting the extra metallation step.  This was found to be the case, with the zinc 
imine dimer D being obtained from a very small-scale reaction of the free-base 
porphyrins after refluxing for five days (entry 7).  This reaction was scaled up, and the 
zinc porphyrins were used, as they were readily available.  The amount of zinc bromide 
was increased slightly to 10 equivalents, and after refluxing for two days, an aqueous 
67a  M1 = In, M2 = 2H 
67b  M1 = 2H, M2 = In 
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work-up and column chromatography, the zinc imine dimer D was obtained in 57% 
crude yield.  The recrystallised yield (34%) of the dimer was diminished by its 
instability.  Extended periods in halogenated solvents, and exposure to light or air, even 
in the solid state, were seen to cause decomposition of the dimer back to the porphyrin 
monomers.  To obtain accurate spectroscopic and electronic data, the 1H NMR spectrum 
of each batch of crystals was recorded as soon as they were dry, and the measurements 
were completed immediately. 
 
4.3.4 Alternate Synthesis of the Imine-Linked Dimer 
Prior to the successful synthesis of the imine-linked porphyrin dimer D with zinc 
bromide, the two alternate routes described in section 4.2.4 were considered, namely the 
aza-Wittig reaction, or the elaborate six-step method (Scheme 4.6, reproduced below).  
The lack of literature on the formation of porphyrinoid phosphazenes was a disadvantage 
of this method, and made the second option more inviting, as some of the formative 
reaction steps are well-known for OEP.[67] 
The first two steps were carried out according to the literature.[67]  The third step was 
attempted once, but with no success.  This synthesis was not pursued further, as by this 
stage, the imine dimer D had been synthesised by the zinc bromide-mediated 
condensation. 
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Scheme 4.11 (Scheme 4.6 reproduced) Proposed six-step synthesis of the imine dimer D 
 
4.4 Characterisation and Spectroscopic Data of Novel Monomers 
The free-base cyano and amino compounds (56 and 62, respectively) prepared as starting 
materials for the imine dimer D are new compounds.  They were characterised by 1H 
and 13C NMR (including COSY, NOESY and HSQC) and UV/visible spectroscopy.  
Additionally, the cyano porphyrin 56 was characterised by mass spectrometry and the 
aminoporphyrin 62 was characterised by elemental analysis (CHN). 
 
54 55 56 
57 
43a  X = I 
40c  X = Br 
58 
D 
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4.4.1 1H NMR Spectra 
The 1H NMR spectrum of H2TriPPCN 56 is given in Figure 4.2.  The peak assignments 
were completed with the aid of COSY and NOESY data.  The influence of the cyano 
substituent causes a slight shift of doublet a (9.56 ppm) in comparison with H2TriPP (44, 
9.37 ppm), with little change to the chemical shift of the remaining peaks.  The cyano 
substituent is an electron withdrawing group, contributing to the downfield shift.  
Additionally, a shielding zone in the plane of the triple bond is induced by the magnetic 
field, which usually results in an upfield shift.  In this case, the electron withdrawing 
effect must be more influential than the triple bond anisotropy, resulting in the overall 
downfield shift.  The meso-proton is not apparent, clearly indicating the substitution, and 
the inner pyrrolic protons appear at -2.44 ppm. 
 
 
Figure 4.2  1H NMR spectrum of free-base cyano porphyrin 56 in CDCl3; the lower case letters are 
representative of the protons in those positions 
The qualitative UV/visible absorption spectrum of 56 was recorded in toluene, with the 
Soret absorption maxima at 422 nm and Q bands at 519, 555, 592 and 648 nm.  The 
lowest-energy Q band (648 nm) is red-shifted when compared to H2TriPP (44, 588 nm).  
This is due to the electron withdrawing cyano substituent lowering the LUMO energy, 
which decreases the HOMO-LUMO gap.  The high resolution mass spectrum of the 
cyano porphyrin 56 gave a mass to charge ratio of 564.2217, which is correct to two 
decimal places with the calculated [M+H]+ ion of 564.2183.  Although a full 
characterisation of the monomer was not carried out, enough data was collected to verify 
it. 
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The 1H NMR spectrum of H2TriPPNH2 62 is given in Figure 4.3, and was assigned 
using COSY and NOESY data.  A feature that is different to most porphyrin monomers 
is the distribution of β-proton doublets b and c.  In this case, the doublet corresponding 
to the β-protons next to a overlaps a doublet of the β-protons on the other side of the 
porphyrin.  This is due to the electron donating and strongly conjugating properties of 
the amino group.  This is clearly opposite to the effects of the electron withdrawing 
cyano substituent in 56.  Another striking feature is the position of the inner pyrrolic 
protons.  The broad singlet (h) appears at -0.78 ppm, which is the most downfield of any 
free-base porphyrin reported in the literature.  Another free-base porphyrin in the 
literature is the 5-amino-10,15-bis(3,5-di-tert-butylphenyl)porphyrin reported by Bašić 
et al.,[81] where the inner pyrrolic proton shift is -1.13 ppm, upfield of that reported here.  
The amino protons also appear as a broad singlet, at 6.27 ppm.  
 
Figure 4.3  1H NMR spectrum of free-base aminoporphyrin 62 in CDCl3; the lower case letters are 
representative of the protons in those positions 
The quantitative UV/visible absorption spectrum was recorded in toluene.  The Soret 
maxima and extinction coefficient were 426 nm and 208 mM-1 cm-1, with Q bands at 
507, 540, 579, 625 and 686 nm.  The lowest energy Q band (686 nm) is red-shifted 
further than the cyano compound (56).  In this case, the electron donating group reduces 
the HOMO-LUMO gap by increasing the energy of the HOMO, and is also strongly 
conjugated with the porphyrin macrocycle.  Again, 62 has not been fully characterised, 
however enough data was collected to verify the compound. 
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4.4.2 X-ray Crystallographic Data 
Crystal structures of the known zinc amino (59), zinc formyl (60) and nickel formyl (29) 
were obtained and as these have not been previously reported, are discussed here.  X-ray 
diffraction data for the compounds were collected and analysed by Mr Michael Pfrunder 
at QUT.  The X-ray crystal structure of 59 is given in Figure 4.4, with 50% probability 
ellipsoids.  The crystal was grown from slow diffusion of pentane into a solution of the 
complex in pyridine and the structure is best described by the P1� space group.  The 
C20N4-Zn and N4-Zn distances are 0.390 Å and 0.327 Å, respectively, and the average 
Zn-N4 bond length is 2.072 Å.  The slight doming induced by the fifth ligand can be 
seen in the edge-on view in Figure 4.4.  The Zn-Npyridine distance is 2.170(2) Å, and the 
Zn-Namino distance is 4.881 Å. 
      
Figure 4.4  Face-on and edge-on views of the crystal structure of zinc aminoporphyrin 59; selected 
hydrogen atoms omitted for clarity 
The angles around the amine group are 115(2)° for the C-N-H bonds and 110(3)° for the 
H-N-H bond.  The C-N-H bond angles’ divergence from that of pyramidal ammonia 
(107°) indicate that the N lone pair is somewhat delocalised onto the aromatic porphyrin 
ring, although the H-N-H bond angle indicates that complete delocalisation does not 
occur.  These angles are less than those of the nickel analogue reported by Esdaile,[82] 
where all three angles were 120°, and the lone N pair was completely delocalised onto 
the aromatic porphyrin ring.  The degree of delocalisation of the N lone pair and 
resultant planarity of 59 are expected to influence the imine formation, as the 
conjugation reduces the nucleophilic reactivity of the amino group.  The torsional angle 
around the amino group of 59 as measured in the order C4C5NH1 (refer to inset) is 
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19.62° anticlockwise and as measured in the order C6C5NH2 (refer to inset) 
is 32.78° clockwise.  This asymmetry of the amino group arises from the 
hydrogen bonding between H2 and the Npyrrole of the neighbouring 
aminoporphyrin, with a N∙∙∙N distance of 3.357 Å (see Figure 4.5). 
The aminoporphyrin 59 forms close dimers, with a distance of 3.417 Å between the two 
C20N4 mean planes, by virtue of the aforementioned hydrogen bonding.  These dimers 
are then loosely packed together by π-stacking through the lateral phenyl groups, and 
through π-stacking of the distal phenyl groups with the coordinated pyridine.  The 
crystal packing does not exhibit any solvate molecules, which could be due to the lack of 
space between the porphyrin units.  The loose packing can be seen in Figure 4.6. 
 
Figure 4.5  Close packing of the aminoporphyrin 59 by hydrogen bonding of the amino H with the pyrrolic 
N of the neighbouring porphyrin; selected hydrogen atoms omitted for clarity 
 
 
Figure 4.6  Loose packing of the aminoporphyrin 59 with π-stacking of lateral phenyl groups (top) and π-
stacking of distal phenyl groups with coordinated pyridine (bottom); selected hydrogen atoms omitted for 
clarity 
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Crystals suitable for X-ray diffraction of zinc formylporphyrin 60 were grown by slow 
diffusion of pentane into a solution of the complex in methanol and the structure is best 
described by the R3� space group.  The face-on and edge-on views of the molecule are 
given in Figure 4.7, with 50% probability ellipsoids.  The C20N4-Zn and N4-Zn distances 
are 0.269 Å and 0.253 Å respectively, which can be seen in the edge-on view.  This 
doming is reduced when compared to the pyridine ligand of 59, possibly due to 
differences in ligand binding strength.  The average N4-Zn bond length is 2.064 Å and 
the Zn-Omethanol bond length is 2.130(5) Å.  The hydrogen atoms on the methyl group of 
the coordinated methanol are disordered over two positions, however for clarity one has 
been omitted. 
      
Figure 4.7  Face-on and edge-on views of the crystal structure of zinc formylporphyrin 60; selected 
hydrogen atoms omitted for clarity 
The aldehyde substituent has bond angles of 127.7(7)° for C-C-O, 116(10)° for C-C-H 
and 116(10)° for O-C-H.  Although these angles are not equal, their sum is 360°, 
indicating a planar configuration.  The Zn-Cformyl distance is 4.916 Å and the Cmeso-
Cformyl bond distance is 1.454(9) Å.  The torsion angle around the formyl 
group as measured C4C5CformylO (refer to inset) is 8.7(10)° clockwise and as 
measured C6C5CformylO (refer to inset) is 166.7(7)° anticlockwise, such that 
the plane of the substituent is twisted compared to the porphyrin mean plane, 
at an angle of 22.39°.  The crystal packing is facilitated by hydrogen bonding of the lone 
pair on the aldehyde O with the H of the coordinated methanol of the neighbouring 
porphyrin, with an O∙∙∙O distance of 2.677 Å.  This results in an irregular packing, with 
an angle of 28.76° between neighbouring C20N4 mean planes.  The hydrogen bonding is 
also the cause of the twisting of the formyl group with respect to the plane of the 
porphyrin ring.  The close crystal packing can be seen in Figure 4.8. 
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Figure 4.8  Close packing of the formylporphyrin 60 by hydrogen bonding; selected hydrogen atoms 
omitted for clarity 
Crystals suitable for X-ray diffraction of nickel formylporphyrin 29 were grown by slow 
diffusion of methanol into a solution of the complex in chloroform.  The structure is 
given in Figure 4.9 with 50% probability ellipsoids and is best described by the P1� space 
group.  The C20N4-Ni and N4-Ni distances are 0.012 Å and 0.005 Å, with an average 
N4-Ni bond length of 1.940 Å.  The porphyrin is saddled rather than ruffled, as defined 
by Senge,[83] to maximise the binding of the nickel(II), as can be seen in the edge-on 
view in Figure 4.9, and the linear display in Figure 4.10. 
      
Figure 4.9  Face-on and edge-on views of the crystal structure of nickel formylporphyrin 29; selected 
hydrogen atoms omitted for clarity 
The bond angles of the formyl substituent are 126.3(5)° for C-C-O, 114(5)° 
for C-C-H and 119(5)° for O-C-H.  As for the zinc analogue, these angles 
are not equal, however their sum is 359°, indicating that the carbon are 
virtually planar.  The torsional angle around the group as measured in the 
order C4C5CformylO (refer to inset) is 5.4(9)° clockwise, and as measured in the order 
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C6C5CformylO (refer to inset) is 174.6(5)° anticlockwise.  These torsional angles are quite 
close to 0/180°, and reflect the trivial twisting that is present.  The Ni-Cformyl distance is 
4.859 Å and the Cmeso-Cformyl bond distance is 1.472(7) Å. 
 
Figure 4.10  Linear display of the deviation of the macrocycle atoms from the C20N4 mean plane for 29; 
circles represent carbon and diamonds represent nitrogen 
The close crystal packing of nickel formylporphyrin 29 can be seen in Figure 4.11.  The 
two porphyrins fit with complementary orientation of the saddled rings, with a distance 
of 3.652 Å between the two porphyrin mean planes.  This packing is extended to form 
off-set stacks with channels of chloroform in between.  The central nickel(II) ion sits 
overlaid an α-carbon, at a distance of 3.349 Å, and the Oformyl sits overlaid a β-carbon at 
a distance of 3.396 Å, with the formyl groups facing away from each other.  This crystal 
packing is vastly different to that of the zinc formylporphyrin 60 described above, and is 
no doubt a consequence of the preference of the Zn(II) centre for five-coordination. 
 
Figure 4.11  Close packing of the nickel formylporphyrin 29; selected hydrogen atoms omitted for clarity 
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4.5 Characterisation and Spectroscopic Data of the Imine Dimer 
A number of imine dimers were synthesised, and their characterisation and spectral data 
will be discussed.  The free-base/zinc imine dimer 64 was only characterised by 1H 
NMR spectroscopy, as it was then metallated to the dizinc dimer D.  The homonuclear 
free-base imine dimer 65 was characterised by 1H NMR spectroscopy and mass 
spectrometry only.  The remaining dimers were characterised by 1H and 13C NMR 
spectroscopy (including COSY, NOESY and HSQC or ROESY and DOSY), mass 
spectrometry and UV/visible spectroscopy.  The fluorescence emission spectrum of zinc 
imine dimer D was also recorded. 
The data for the imine dimers that were characterised by low resolution mass 
spectrometry (MALDI) are given in Table 4.3.  For all of the dimers, it is possible that 
the oxidised ion [M]+ and protonated ion [M+H]+ are present, and for the metallated 
compounds, the isotopic patterns made interpretation problematic.  For all of the dimers 
containing at least one metal ion, the oxidised ion was seen preferentially to the 
protonated ion.  The reported peak is the peak of maximum intensity in the isotopic 
cluster.  The mass spectra are given in the appendix. 
Table 4.3  Mass spectra data of selected imine dimers 
Imine dimer nuclei m/z m/z Calc. Ion 
Zn/Zn D 1227.7 1227.3 [M]+ 
Ni/Ni 63 1211.7 1215.3 [M]+ 
2H/2H 65 1101.7 1102.4 [M+H]+ 
InXa/2H 67a/b 1213.8 1214.3 [M]+ 
Notes a assuming the axial anionic ligand is lost 
 
 
4.5.1 1H NMR Spectra 
The imine-linked porphyrin dimer D is the only dimer in this series to possess a 
heteronuclear bridge, and therefore be unsymmetrical.  This does pose some difficulties 
in assigning the 1H NMR shifts to the individual protons, and 2D techniques are 
required.  As a number of new imine-linked dimers were synthesised, their 1H NMR 
spectra will be discussed here. 
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The 1H NMR spectrum of the dizinc imine dimer D is given in Figure 4.12.  The proton 
peaks were assigned using COSY and NOESY data, as described for ethyne dimer C in 
section 3.6.1.  The singlet of the bridge proton is the most downfield, at 11.54 ppm.  This 
suggests that the environment of the bridge is well within the aromatic deshielding zone.  
Moving upfield, the next two doublets appear at 10.50 ppm and 9.85 ppm, and 
correspond to the β-protons of both rings that are closest to the bridge.  Assignment of 
these protons would be possible by a combination of heteronuclear multiple bond 
correlation (HMBC) and 13C NMR.  There should be a correlation visible between the 
carbon atom of the bridge and the closest β-protons of the C-porphyrin ring, but not of 
the N-porphyrin ring.  There should also be no correlation between the carbon atom at 
the meso position of the N-porphyrin ring and the bridge proton (a), however a 
correlation should be visible between the carbon atom at the meso position of the C-
porphyrin ring and the bridge proton (a).  This carbon should also correlate to the β-
protons of the C-porphyrin ring.  The 13C NMR data that were recorded were too noisy 
for this assignment.  The asymmetry of the dimer effectively doubles the number of 
carbon environments compared to the other dimers, although some of the peripheral 
carbon atoms will have almost identical environments, requiring more concentrated 
samples.  Although this dimer was produced in good yield, the pure samples were used 
for UV/visible absorption and fluorescence emission measurements, as they were 
deemed more important than the complete assignment of the β-protons.  This incomplete 
assignment of the β-protons is the case for all of the imine dimers. 
Although it is not known definitively, the most downfield β-proton doublet b is thought 
to correspond to the N-porphyrin ring and the more upfield β-proton doublet c to the C-
porphyrin ring.  This proposal has been reached through comparison of the most 
downfield β-proton doublet of the ethene dimer B and azo dimer E.  The most downfield 
doublet of E has a shift of 10.33 ppm, while the most downfield doublet of B has a shift 
of 10.07 ppm.  If this is correct, then β-proton doublet d is also on the N-porphyrin, and 
β-proton doublet e is on the C-porphyrin ring.  The ethene, imine and azo dimer spectra 
are given on a single axis in section 6.2 for comparison.  In some of the imine dimer 
spectra (65 and 67a/b), the most downfield β-proton doublet is also broadened, giving 
further indication that it resides on the N-porphyrin ring. 
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Figure 4.12  1H NMR spectrum of zinc imine dimer D in CDCl3; the lower case letters are representative of 
the protons in those positions 
In addition to the 1H NMR spectrum of the homonuclear zinc dimer D (Figure 4.12), the 
spectra of the homonuclear nickel dimer 63 (Figure 4.13), homonuclear free-base dimer 
65 (Figure 4.14), heteronuclear free-base/zinc dimer 64 (Figure 4.15), and heteronuclear 
free-base/indium dimer 67a/b (Figure 4.16) are given.  The 1H NMR shifts of each 
spectrum are summarised in Table 4.4. 
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Figure 4.13  1H NMR spectrum of nickel imine dimer 63 in CDCl3; the lower case letters are representative 
of the protons in those positions 
 
Figure 4.14  1H NMR spectrum of free-base imine dimer 65 in CDCl3; the lower case letters are 
representative of the protons in those positions 
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Figure 4.15  1H NMR spectrum of free-base/zinc imine dimer 64 in CDCl3; the lower case letters are 
representative of the protons in those positions 
 
 
 
 
 
Figure 4.16  1H NMR spectrum of the free-base/indium imine dimer 67a/b in CDCl3 (only one structural 
isomer present, but identity unknown); the lower case letters are representative of the protons in those 
positions 
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Table 4.4  Summary of various imine dimer 1H NMR spectral peaks 
Imine 
dimer 
nuclei 
Bridge 
proton  
/ ppm 
“Inner”  
β-protonsa  
/ ppm 
“Outer”  
β-protonsb  
/ ppm 
ortho-Phenyl 
protons 
/ ppm 
meta/para-
Phenyl 
protons  
/ ppm 
Inner 
pyrrolic 
NH  
/ ppm 
Zn/Zn 
D 
11.54 
10.50, 9.85, 
9.08, 8.95 
8.84, 8.80 8.24-8.20 7.74-7.73 N/A 
Ni/Ni 
63 
10.37 
10.12, 9.55, 
8.93, 8.85 
8.71-8.65 8.06-8.00 7.72-7.68 N/A 
2H/2H 
65 
11.42 
10.42, 9.78, 
9.06, 8.94 
8.83, 8.79 8.27-8.23 7.80-7.77 
-1.87,  
-2.04 
2H/Zn 
64 
11.52 
10.48, 9.83, 
9.10, 8.93 
8.86-8.80 8.28-8.25 7.77-7.76 -1.95 
InX/2H 
67a/bc 
11.58 
10.46, 9.95, 
9.12, 9.06 
9.3, 9.00, 
8.82, 8.77 
8.45, 8.34, 
8.26-8.21, 
8.16, 8.10 
7.79-7.72 -1.81 
Zn/Zn 
17[53] 
11.68 
10.55, 9.89, 
9.35, 9.27 
9.18, 9.06, 
9.05, 9.04 
N/A N/A N/A 
Notes 
a proximal β-protons to imine bridge; b distal β-protons to imine bridge; c only one 
structural isomer present, but identity unknown 
 
The homonuclear zinc imine dimer D exhibits chemical shifts that are very similar to 
Anderson’s ZnDAP imine dimer 17, although the “outer” β-protons of D are further 
upfield.  The effect of nickel(II) on the shift of the imine CH is quite profound, being >1 
ppm further upfield than any of the other dimers.  The “inner” β-proton peaks b and c are 
also ~0.3 ppm further upfield of any other dimer.  This is possibly due to the “ruffled” 
structure of the nickel-coordinated porphyrin rings, although it might be expected that if 
this is the case, 67a/b would also follow this trend.  Other than the anomaly of the nickel 
imine dimer 63, the proton shifts of the imine dimers are quite comparable. 
The “outer” β-protons have well-resolved coupling for the homonuclear zinc dimer D (f) 
and heteronuclear free-base/indium dimer 67a/b (f, g), but the couplings are not visible 
for the homonuclear nickel dimer 63 (f), homonuclear free-base dimer 65 (f) and 
heteronuclear free-base/zinc dimer 64 (f).  This low resolution could be due to more 
complex coupling and/or overlapping signals.  The enhanced differentiation of the β-
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proton signals f and g and ortho-phenyl proton signals h, i, k and l of the free-
base/indium dimer 67a/b is a result of the porphyrin ring “doming” to accommodate the 
large indium(III) ion.  The ortho-protons of the orthogonal phenyl groups (h, l) that are 
lateral to the indium-porphyrin ring will be in a different environment, depending on 
whether they are on the convex or concave side.  This is also the case for the ortho-
protons of the distal phenyl group (i, k).  The inner pyrrolic protons of imine dimers that 
contain at least one free-base porphyrin all exhibit very similar shifts, with a 
differentiation between those in the N-porphyrin and C-porphyrin rings for the 
homonuclear free-base dimer. 
 
4.5.2 Electronic Absorption Spectra 
The UV/visible absorption spectrum of zinc imine dimer D in toluene is given in Figure 
4.17.  The profile is very similar to the ZnDAP imine dimer 17 reported by Screen et 
al.,[53] and the collective data are given in Table 4.5.  The absorption spectra of the nickel 
imine dimer 63 and free-base/indium imine dimer 67a/b are also given, in Figure 4.18 
and Figure 4.19, respectively.  The data for the nickel imine dimer 63 can also be found 
in Table 4.5, but the data for the free-base/indium imine dimer 67a/b has been omitted 
because only the qualitative spectrum was recorded. 
 
Figure 4.17  UV/visible absorption spectrum of the zinc imine dimer D in toluene 
The profile of the zinc and nickel imine dimers are very similar, although the Soret band 
of nickel dimer 63 is broadened, and less intense than the zinc analogue.  The intensity 
of the Q bands are also less for the nickel imine dimer. 
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Figure 4.18  UV/visible spectrum of the nickel imine dimer 63 in toluene 
 
Figure 4.19  Qualitative UV/visible spectrum of the free-base/indium imine dimer 67a/b in toluene 
The electronic absorption spectrum of the free-base/indium imine dimer 67a/b in toluene 
is rather different to the homonuclear zinc (D) or nickel (63) imine dimers.  The higher 
energy component of the Soret region is much broader, with an additional shoulder 
between the two maxima.  The extinction coefficients cannot be compared as only the 
qualitative spectrum was recorded.  The Q bands have additional splitting due to the 
stabilising effects of the inner pyrrolic protons on the conjugation pathway. 
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Table 4.5  UV/visible absorption data for the zinc imine dimer D and analogues 
Compound 
Peaks / nm 
(ε / mM-1 cm-1) 
Soret 
Splitting  
/ cm-1 
Red-
Shifta  
/ cm-1 
Intensificationb 
/ mM-1 cm-1 
ZnTriPP 
imine dimer 
Dc 
427 (213), 450 (217), 562 (24.6), 
658 (24.8) 
1200 
2850f, 
600g 
-6.2f, 0.3g 
NiTriPP 
imine dimer 
63d 
421 (138), 449 (133), 531 (28.9), 
632 (25.7) 
1480 
2230h, 
871i 
10.9h, 0.45i 
ZnDAP 
imine dimer 
17e[53] 
427 (209), 443 (204), 565 (20.4), 
622 (20.9), 663 (20.4) 
846 
2160j, 
397k 
6.03j 
Notes 
a of lowest energy Q band; b intensification of extinction coefficient per 
porphyrin unit of the lowest energy Q band; c recorded in toluene with coordinate 
pyridine present; d recorded in toluene; e recorded in CH2Cl2; f compared to 
ZnTriPP (50) in toluene; g compared to ZnTriPPNH2 (59) in toluene; h compared 
to NiTriPP in CH2Cl2[84]; i compared to NiTriPPNH2 (61) in CH2Cl2[85] j 
compared to ZnDAP in THF[86]; k compared to ZnDAPNH2 (18) in THF[87] 
 
The Soret splitting is the largest for nickel imine dimer 63, followed by zinc imine dimer 
D, and smallest for Anderson’s ZnDAP imine dimer 17.[53]  The red-shifts of the lowest 
energy Q bands have also been calculated, for both the corresponding meso-
unsubstituted monomers and meso-amino monomers.  In each case, the comparison with 
the meso-unsubstituted porphyrin monomer resulted in the largest red-shift, but that is 
expected, as the electron donating ability of the amino substituent causes a red-shift of 
the electronic absorption spectrum of the meso-amino monomer.  The largest red-shift of 
the dimers in comparison with the analogous meso-unsubstituted monomer was 
exhibited by zinc imine dimer D, but in comparison with the analogous meso-amino 
monomer it was exhibited by nickel imine dimer 63.  This indicates that the overall 
conjugation of the zinc and nickel imine dimers is extended, which leads to a smaller 
HOMO-LUMO gap, as it does for Anderson’s ZnDAP imine dimer, but to a lesser 
extent.  The intensification of the extinction coefficient per porphyrin ring was also 
calculated, compared to the analogous meso-unsubstituted and meso-aminoporphyrins 
where possible.  The largest intensification arises from comparison of NiTriPP with the 
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nickel imine dimer 63.  Anderson’s ZnDAP imine dimer 17[53] had a similar 
intensification when compared to ZnDAP, but the extinction coefficient per porphyrin 
unit of the lowest energy Q band for zinc imine dimer D was 6.2 mM-1 cm-1 less than 
ZnTriPP.  This could have been due to the large extinction coefficient of the lowest 
energy Q band for ZnTriPP.  In comparison with the analogous meso-amino monomers, 
the extinction coefficients per porphyrin unit for zinc imine dimer D and nickel imine 
dimer 63 were almost equal. 
The electron density distribution map of the HOMO-LUMO transition as calculated by 
Dr L. Rintoul for zinc imine dimer D is given in Figure 4.20.  The separation of the 
electron-rich (orange) and electron-poor (blue) regions in the dimer after the transition 
suggest the possibility of a charge-transfer, which would be significant for nonlinear 
optical measurements.  The electronic absorption spectra of the dimer were therefore 
recorded in a number of solvents with different polarities, and are given in Figure 4.21 
and Figure 4.22, with the corresponding data given in Table 4.6.  The grey lines on the 
plots correspond to solvents that can coordinate to the zinc ions, and cause slight 
changes in the conformation of the imine dimer D in solution. 
 
Figure 4.20  Electron density distribution map of the HOMO-LUMO transition of zinc imine dimer D (N-
porphyrin ring on left); blue represents the electron-poor region after the transition and orange represents 
the electron-rich region after the transition 
DCM, ethyl acetate and methanol result in an intensified, blue-shifted Soret profile, 
while acetonitrile and DMF cause a blue-shift and intensification of only the lower 
energy component of the Soret band.  Pyridine causes a red-shift of the entire Soret 
profile, and a considerable shoulder on the lower energy side.  A reduced form of this 
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shoulder is also seen for the spectrum recorded in DMF, and is possibly due to the 
equilibrium between the four- and five-coordinate species.  The splittings of the Soret 
band in DMF, pyridine and acetonitrile are rather supressed in comparison with toluene.  
Ethyl acetate and methanol also have slightly supressed splittings, while the electronic 
absorption spectrum recorded in DCM has a slightly more pronounced splitting. 
 
Figure 4.21  Soret region of the UV/visible absorption spectra of the zinc imine dimer D in toluene (solid 
black), DCM (dashed black), ethyl acetate (solid blue), methanol (dashed blue), DMF (solid grey), pyridine 
(dashed grey) and acetonitrile (dotted grey) 
 
Figure 4.22  Q band region of the UV/visible absorption spectra of the zinc imine dimer D in toluene (solid 
black), DCM (dashed black), ethyl acetate (solid blue), methanol (dashed blue), DMF (solid grey), pyridine 
(dashed grey) and acetonitrile (dotted grey) 
DMF has the most profound influence on the profile of the Q bands.  They are 
intensified, red-shifted, and the lower energy Q band is visibly split.  Pyridine has 
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similar effects, although it does exhibit decreased molar absorptivity of the higher energy 
Q band.  Acetonitrile, ethyl acetate and methanol cause red-shifting and reduction of the 
high-energy Q band, and intensification of the low-energy Q band with an emerging 
shoulder rather than an extra splitting.  The profile of the Q bands in DCM is similar to 
that of toluene, but is slightly blue-shifted and intensified.  With all these effects on the 
Q band, there is no simple relationship between the Q band maxima and solvent 
polarities that might give clear evidence of charge-transfer. 
Table 4.6  Data for UV/visible absorption spectra of D in various solvents 
Solvent 
Soret peaks / nm 
(ε / mM-1 cm-1) 
Soret splitting 
/ cm-1 
Q band peaks / nm 
(ε / mM-1 cm-1) 
Toluene 427 (213), 450 (217) 1200 562 (24.6), 658 (24.8) 
Dichloromethane 423 (229), 446 (231) 1220 560 (25.7), 646 (26.7) 
Ethyl acetate 424 (222), 446 (234) 1160 564 (23.4), 657 (27.6) 
Methanol 423 (230), 445 (245) 1170 566 (23.5), 652 (27.5) 
N,N-
Dimethylformamide 
428 (219), 449 (228) 1090 
568 (26.8), 630 
(31.2), 668 (33.1) 
Pyridine 432 (202), 452 (214) 1020 
574 (20.6), 634 
(25.3), 682 (27.5) 
Acetonitrile 426 (211), 446 (236) 1050 568 (22.5), 663 (30.3) 
 
 
4.5.3 Fluorescence Emission Spectra 
The fluorescence spectrum of the zinc imine dimer D in toluene is given in Figure 4.23.  
The fluorescence of this dimer is strongly suppressed compared with the ethene dimer B, 
or ethyne dimer C, but only slightly suppressed when compared to the azo dimer E, and 
is not a mirror image of its absorption spectrum.  The suppression is possibly due to 
intramolecular quenching of the 648 nm fluorescence, as the dimer exhibits a broad 
absorption band at 658 nm, however the low concentration of the solution (~10-7 M) 
should have aided the prevention of this.  The anti-Stokes shift of 235 cm-1 indicates that 
the excitation may be accompanied by changes in geometry.  The excitation spectrum of 
the imine dimer D monitoring at the 648 nm emission band was not recorded, but is 
expected to consist of only the high-energy component of the Soret band, as that was the 
only absorption band to emit fluorescence.  The fluorescence data for Anderson’s 
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ZnDAP imine dimer 17 were not reported, so comparisons cannot be made, however the 
fluorescence of this dimer is compared with dimers B, C and E in section 6.4. 
 
Figure 4.23  Fluorescence emission spectra of the zinc imine dimer D in toluene upon excitation at different 
wavelengths; 427 nm (black) and 449 nm (blue); § fluorescence band is an undertone of the excitation 
frequency 
 
4.6 Conclusion 
After a multitude of experiments, the zinc imine diporphyrin D was synthesised in 34% 
recrystallised yield by the Lewis-acid-catalysed condensation of the meso-aminoZnTriPP 
59 and meso-formylZnTriPP 60, using azeotropic capture of the evolved water.  The 
dimer was therefore characterised by 1H, 13C, NOESY, COSY, and HSQC NMR 
spectroscopy, mass spectrometry, UV/visible absorption and fluorescence emission 
spectroscopy.  Several other imine dimers were also synthesised and characterised. 
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5 Synthesis of the Known Ethene and Azo Diporphyrins 
5.1 Synthesis of the Ethene Diporphyrin 
5.1.1 Introduction 
The 1,2-ethenediyl-linked dimer B has been previously synthesised by Locos et al.[45]  In 
the same paper, a number of homo and heteronuclear dyads were studied, and of the 
homonuclear bis(free-base), dinickel and dizinc, the last was seen to have the least 
extension of conjugation through the bridge.  The zinc analogue is still of interest, as the 
fluorescence behaviour is able to be monitored, which provides information on the 
excited-state behaviour.  The ethene dimer is also known to have less electronic 
communication between the rings than the ethyne or azo dimers that have been reported 
in the literature.  This section describes the exploration of new routes to the ethene dimer 
B, as the yield achieved by Locos et al. was a very poor 10% for the Suzuki coupling.[45] 
 
5.1.2 Synthesis of the Ethene Dimer by Suzuki Coupling 
The reaction to produce the ethenediyl dimer by Locos et al. involved the Suzuki 
coupling of a porphyrinylboronate (68) and iodovinylporphyrin (69), as illustrated in 
Scheme 5.1.  The side products produced in this reaction included the directly-linked 
dimer 70 and the meso-unsubstituted porphyrin 50. 
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Scheme 5.1  Synthesis of the ethene diporphyrin by Suzuki coupling[45] 
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In an attempt to improve the yield for this reaction, a double-headed Suzuki coupling 
was proposed (Scheme 5.2).  The Suzuki coupling of two porphyrinylboronates with an 
isomeric mixture of 1,2-dibromoethene was carried out under Locos conditions, however 
none of the desired product was seen by TLC [THF/hexane (1:2)] after two days.  Since 
the starting material still remained, the temperature was increased to 80°C for another 
four days.  There was still no sign of reaction progress by TLC, so an attempt was made 
to produce the bromovinylporphyrin 70 instead.  The addition of supplementary 1,2-
dibromoethene and palladium catalyst was followed by heating at 80°C for another two 
days.  The only compounds visible by TLC at this stage were the meso-unsubstituted 
porphyrin 50 and the porphyrinylboronate starting material 68.  The reaction mixture 
was separated by column chromatrography, and the UV/visible absorption spectra were 
run of all promising fractions, however none was seen to have the expected profile of a 
dimer. 
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Scheme 5.2 Proposed double-headed synthesis of the ethene-linked dimer by Suzuki coupling 
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The discouraging nature of this result, although only a single attempt was made, in 
conjunction with the availability of 1,2-bis(tributylstannyl)ethylene, induced a change of 
focus from this method to the Stille coupling. 
 
5.1.3 Synthesis of the Ethene Dimer by Stille Coupling 
The synthesis of an ethene-linked porphyrin dimer by CuI/CsF promoted Stille coupling 
was reported in 2005 by Frampton et al.[43]  This method was successful for the synthesis 
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of both diaryl (8a, 44%) and triaryl (8b, 58%) porphyrins, shown in Scheme 5.3.  These 
yields were markedly better than that reported by Locos et al.,[45] and for very similar 
porphyrins, so the reaction seemed very promising. 
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Scheme 5.3  Synthesis of ethene diporphyrins via Stille coupling[43] 
The proposed reaction based on those  reported by Frampton et al.[43] is given in Scheme 
5.4.  This reaction was repeated twice with bromine as the halogen, and in both cases the 
reaction was successful, but with yields less than 10%.  The side products included the 
vinylporphyrin (73), the directly-linked dimer (70), as well as other unidentified 
porphyrin products.  Although every care was taken to remove oxygen from the reaction 
mixture, the meso-formylporphyrin 60 was also a surprising major side product of the 
reaction. 
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Scheme 5.4 Synthesis of the ethene-linked dimer by Stille coupling 
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Changing the halogen to iodine greatly improved the efficacy of the reaction.  Using 
iodoporphyrin, the reaction was repeated three times, with reaction times of 22, 45 and 
72a  Ar = 3,5-tBu2C6H3, R = H 
72b  Ar = R = 3,5-tBu2C6H3 
8a  Ar = 3,5-tBu2C6H3, R = H 
8b  Ar = R = 3,5-tBu2C6H3 
40b  X = Br 
48  X = I 
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60 hours, and yields of 50%, 44% and 15% respectively.  It was seen that the longer 
reaction times resulted in less product, and rather surprisingly, small amounts of the 
ethyne dimer were produced in the two longer reactions.  Other side products of the 
reactions included the meso-unsubstituted porphyrin 50, meso-formylporphyrin 60 and 
the directly-linked dimer 70.  In the case of the 60 hour reaction, small amounts of many 
other unidentified porphyrin products were also seen by 1H NMR spectroscopy. 
 
5.1.4 Conclusion 
The synthesis of this dimer was not new, however this route provided yields of up to 
50%, greatly improving on that of Locos et al.[45]  The synthesis of this dimer was not 
the main objective, as it is known, so a discussion on its characterisation is not needed.  
Rather, the comparison of the spectral data with the theoretical calculations, and the 
comparison of the visible absorption and emission spectra in toluene across the series of 
dimers necessitated its synthesis, and is given in Chapter 6. 
 
5.2 Synthesis of the Azoporphyrin 
5.2.1 Introduction 
The zinc azoporphyrin dimer E was first synthesised in 2007 by Esdaile et al.[54]  The 
dimer was found to have excellent conjugation through the bridge, greater than that of 
the ethene, and possibly even greater than similar ethyne dimers.  The azo dimer has less 
steric hindrance in the bridging unit than the ethene, as there are no protons in the bridge.  
In addition to this, the continued sp2 hybridisation through the bridge results in 
exceptional electronic communication between the two porphyrin rings. 
 
5.2.2 Synthesis of the Azo Dimer by Copper Catalysis 
The synthesis of the azoporphyrin was carried out according to the literature procedure, 
as given in Scheme 5.5.[54]  Increasing the mol % of copper used from 57% to 68% and 
heating the reaction mixture for 3 hours rather than 2.5 led to an increased recrystallised 
yield of 85% compared to 66.8%, with superior purity.  No further synthetic refinements 
or developments were needed, as the known synthetic route provided sufficient product 
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for its analysis and comparison with both the other porphyrin dimers and theoretical 
data. 
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Scheme 5.5  Synthesis of the azoporphyrin E according to the literature procedure[54] 
 
5.2.3 Conclusion 
Again, this dimer was not new, however slight modification of the synthesis led to a 
greater yield of the product with higher purity.  A single reaction was required to 
produce enough of the azoporphyrin dimer for analysis and comparative purposes. 
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6 Comparison of Spectroscopic Data 
6.1 Introduction 
Comparison of the spectroscopic data is significant in determining the extent of the 
electronic communication through the different bridges.  Comparison of the downfield 
shifts in 1H NMR spectra, red-shifts and intensification of the Q bands and splitting of 
the Soret band in electronic absorption spectra can all indicate which bridging unit is 
most effective in extending the conjugation.  Comparison of the fluorescence emission 
spectra also gives insight into the excited-state behaviour of the dimers.  These data for 
each of the two-atom bridged dimers will be discussed in this chapter.  Additionally, 
comparison of the electronic absorption data with theoretical calculations will be given. 
 
6.2 1H NMR Spectra 
The comparative degree of conjugation between the two porphyrin rings can be 
estimated from the downfield shifts of the β-protons, especially those closest to the 
bridge.  This is not as conclusive as other spectral measures (e.g. electronic absorption 
spectra), because the proton shifts also depend on the different conformers that are 
present in solution and the effects of the proximity of the other porphyrin ring.  Figure 
6.1 compares the positions of the proton shifts in the porphyrinic region for each of the 
four dimers synthesised.  It should be noted that the singlet that is second most 
downfield for the ethene dimer corresponds to the protons of the bridge, as does the most 
downfield singlet of the imine dimer.  These will not be taken into account, as the ethyne 
and azo dimers do not have any bridge protons, and the proton of the heteronuclear 
imine bridge is in a very different environment to the symmetric protons of the ethene 
bridge. 
The doublet corresponding to the β-protons closest to the bridge of the imine dimer D is 
the most downfield, at 10.50 ppm, followed closely by the ethyne dimer C at 10.45 ppm 
and the azo dimer E at 10.33 ppm, with the ethene dimer B protons being much further 
upfield at 10.07 ppm.  The ethene, ethyne and azo dimers are symmetrical, so these 
doublets correspond to the β-protons closest to the bridge on both of the porphyrin rings.  
The imine dimer does not exhibit this same symmetry, and the doublet at 10.50 ppm is 
only representative of one porphyrin ring.  The doublet of the β-protons closest to the 
bridge of the other ring is at 9.85 ppm, averaging 10.18 ppm for the β-protons of the 
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imine dimer, which is then much closer to the ethene dimer.  It is not known definitively 
which corresponds to the N-porphyrin and C-porphyrin rings, however it is thought that 
the more downfield doublet is on the N-porphyrin ring, as discussed in section 4.5.1.  As 
mentioned, the more downfield doublet of D is comparable to the most downfield 
doublet of the azo dimer E, and the more upfield doublet of D is comparable to the most 
downfield doublet of the ethene dimer B. 
 
Figure 6.1  1H NMR spectra of the four dimers in CDCl3 on the same axis 
The next doublet in each spectrum is further upfield, and corresponds to the β-protons 
between those just discussed and the lateral phenyl groups.  In the case of the imine 
dimer, there are two corresponding doublets.  The chemical shifts of these are all 
comparable, and appear around 9 ppm.  The signals of the distal β-protons are also 
comparable over the four dimers, with the ethene (B) appearing as a singlet, ethyne (C) 
and azo (E) appearing as two almost overlapping doublets, and the imine (D) as a less-
resolved multiplet.  The ortho-phenyl proton signals have comparable chemical shifts, 
and are resolved into two doublets for the ethene (B), ethyne (C) and azo (E) dimers, but 
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appear as a multiplet for the imine dimer D.  The meta/para-phenyl proton signals of 
each dimer appear as a multiplet, with similar chemical shifts. 
From the 1H NMR spectra, the enhanced conjugation extension of the ethyne and azo-
bridged dimers over the ethene is evident.  The efficacy of the imine bridge is more 
difficult to quantify due to the heteronuclear bridge, as the two most downfield doublets 
need to be considered. 
 
6.3 Electronic Absorption Spectra 
The electronic absorption spectra provide possibly the most substantial evidence for the 
degree of through-bridge conjugation extension.  Larger Soret splitting, and red-shift and 
intensification of the lowest energy Q band indicate more efficient electronic 
communication between the two porphyrin rings.  The red-shifts observed in the Q bands 
have a strong correlation to the HOMO-LUMO gap, with a more red-shifted Q band 
indicating a smaller gap.  The quantitative UV/visible absorption spectra of the four 
dimers (B-E) recorded in toluene are given on the same axis in Figure 6.2 and Figure 
6.3, and the corresponding data including comparison with the analogous monomers are 
given in Table 6.1.  A more complete study would involve a comparison of different 
solvents for each of the dimers, as different solvents interact with the dimers differently.  
These interactions may include π stacking or the extent of coordination of a solvent to 
the central zinc ion. 
 
Figure 6.2  Soret region of UV/visible absorption spectra of the ethene dimer B (solid black), ethyne dimer 
C (dashed black), imine dimer D (solid blue) and azoporphyrin dimer E (dashed blue) in toluene 
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There is a second splitting of the highest energy Soret component of ethene dimer B that 
was not reported by Locos et al.[45] for the dimer in CH2Cl2.  This is most likely to be 
due to the different solvents.  The lower energy component of the Soret band for the azo 
dimer E also has discrepancies in the intensity and magnitude to those reported by 
Esdaile et al.[54] in CH2Cl2.  In this case, the broadening of the band is also likely to have 
arisen from recording the spectrum in a different solvent.  It is possible that toluene can 
exhibit π stacking interactions that CH2Cl2 cannot, which could contribute to these 
spectral differences. 
The Soret profiles of the ethyne dimer C and imine dimer D have been discussed in 
detail in sections 3.6.2 and 4.5.2, respectively.  The intensity and sharpness of the lowest 
energy Soret component of ethyne dimer C resemble those of previously reported 
ethyne-linked porphyrins, and the spectrum closely resembles the ZnDPP ethyne dimer 
(9) reported by Lin and Therien,[15] with the exception of C’s more pronounced Soret 
splitting.  The imine dimer D spectrum resembles that of the ZnDAP imine dimer (17) 
reported by Screen et al.,[53] although D appears to be more conjugated due to the larger 
splitting of the Soret band and greater red-shift of the lowest energy Q band.  The greater 
splitting of the Soret band in dimers C and E than B and D indicates the enhanced 
conjugation extension of the ethyne and azo bridges compared with the ethene and 
imine. 
 
Figure 6.3  Q band region of UV/visible absorption spectra of the ethene dimer B (solid black), ethyne 
dimer C (dashed black), imine dimer D (solid blue) and azoporphyrin dimer E (dashed blue) in toluene 
The lowest energy Q band of the ethene dimer B and imine dimer D have a very similar 
profile, while that of the ethyne dimer C is much more intense, and that of the azo dimer 
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E is much more red-shifted.  The intensification and red-shift pertaining to dimers C and 
E, respectively, also indicate their superior electronic communication to dimers B and D.  
The slightly enhanced tail of the lowest energy Q band of the imine dimer D reflects 
some of the “azo” character of the heteronuclear imine bridge, although the Soret 
splitting is less than those of the ethene dimer B and azo dimer E. 
Table 6.1  Summary of UV/visible absorption data of porphyrin dimers B-E in toluene 
Compound 
Peaks / nm 
(ε / mM-1 cm-1) 
Soret 
Splitting  
/ cm-1 
Red-
Shifta  / 
cm-1 
Intensificationb 
/ mM-1 cm-1 
ZnTriPP 
ethene dimer 
Bc 
423 (164), 434 (161), 473 (142), 
559 (23.5), 635 (23.2) 
2500 2300e -7e 
ZnTriPP 
ethyne 
dimer Cd 
414 (118), 449 (81.1), 482 
(318), 550 (16.7), 694 (55.9) 
3450 2370f 4.55f 
ZnTriPP 
imine dimer 
Dd 
427 (213), 450 (217), 562 
(24.6), 658 (24.8) 
1200 
2850e, 
600g 
-6.2e, 0.3g 
ZnTriPP azo 
dimer Ec 
423 (106), 494 (112), 546 
(21.9), 800 (26.9) 
3400 3300g 1.38g 
Notes 
a of lowest energy Q band; b intensification of extinction coefficient per 
porphyrin unit of the lowest energy Q band; c recorded in toluene, without 
coordinated pyridine present; d recorded in toluene with coordinated pyridine 
present;  e compared to ZnTriPP (50) in toluene; f compared to ZnTriPP-C≡CH in 
CH2Cl2[71]; g compared to ZnTriPPNH2 (59) in toluene 
 
The variable temperature absorption spectra of the ethene dimer B and azo dimer E in 
toluene were also recorded from -5°C to 90°C, however there was no systematic change 
in the spectra with temperature, so they will not be presented here. 
 
6.4 Fluorescence Emission Spectra 
The fluorescence emission spectra of the four dimers B - E are given in separate figures 
(Figure 6.4 - Figure 6.7), as their intensities are too diverse for a single axis.  The 
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fluorescence of the ethyne dimer C is the most intense, followed by the ethene dimer B, 
approximately half as intense, then azo dimer E, approximately one tenth as intense as 
the ethene, and finally imine dimer D, approximately one sixth as intense as the azo.  In 
comparison with the ethyne and ethene, the imine and azo dimers are almost non-
fluorescent. 
 
Figure 6.4  Fluorescence emission spectra of the ethene dimer B in toluene upon excitation at different 
wavelengths; 423 nm (dashed black), 434 nm (solid blue), 473 nm (dashed grey), 559 nm (solid black), 635 
nm (solid grey), and the excitation spectrum upon monitoring at the 767 nm emission band (dashed blue) 
The strange, non-reflective profile of the fluorescence emission of ethene dimer B when 
compared to its absorption spectrum has been previously noted.[45]  Locos et al. also 
concluded that the anti-Stokes shift of the highest energy fluorescence component 
indicated that the excitation is likely to be accompanied by changes in geometry.  In 
addition to this, the extra splitting of the Soret band that was seen in the absorption 
spectrum is reproduced here in the excitation spectrum upon monitoring the 767 nm 
emission band.  The fluorescence emission at 767 nm therefore arises from excitation at 
all maxima of the Soret components (423, 434 and 473 nm).  It can be seen in Figure 6.4 
that excitation at these wavelengths give rise to the more intense emission at 767 nm, 
which also exhibits a higher energy shoulder.  Locos et al.[45] found that this shoulder 
arose only from excitation at the highest energy Soret component.  It can be seen here 
that excitation at the highest energy Soret component (423 nm) results in the most 
pronounced shoulder, however  it is also seen upon excitation at the lower energy Soret 
components (434 and 473 nm).  Calculation of the Stokes shift from this shoulder results 
in a shift of 597 cm-1.  Excitation at the Q band maxima (559 and 635 nm) also result in 
fluorescence emission at 767 nm, however they are greatly attenuated in comparison 
with excitation at the Soret maxima. 
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Figure 6.5  Fluorescence emission spectra of the ethyne dimer C in toluene  upon excitation at different 
wavelengths; 414 nm (solid black), 449 nm (dashed black), 482 nm (dotted black), 550 nm (solid blue), 694 
nm (dashed blue), and the excitation spectrum upon monitoring at the 716 nm emission band (dotted blue); 
§ overtone of the 716 nm emission frequency 
The profile of the fluorescence emission of the ethyne dimer C is also discussed in 
section 3.6.3 and is rather similar to that reported by Lin and Therien[15] for their ZnDPP 
ethyne dimer 9.  It is clear that the fluorescence emission at 716 nm arises from all 
components of the Soret band, as well as both of the Q bands, although the lowest 
energy Q band is almost coincident with the fluorescence emission, with a Stokes shift 
of 443 cm-1.  This indicates that all conformations of the dimer contribute to the 
fluorescence emission, however the most conjugated conformations (absorbing at 482 
nm) give rise to the most intense emission. 
 
Figure 6.6  Fluorescence emission spectra of imine dimer D in toluene upon excitation at different 
wavelengths; 427 nm (black) and 449 nm (blue); § fluorescence band is an undertone of the excitation 
frequency 
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The fluorescence of the imine dimer D is also discussed in section 4.5.3.  It is extremely 
weak in comparison with the ethene dimer B, ethyne dimer C, and somewhat weaker 
than the azo dimer E.  This is presumably due to intramolecular quenching of the 
fluorescence, or possibly re-absorption of the 648 nm emitted light as its profile overlaps 
considerably with the broad 658 nm absorption band, although the concentration of ~10-7 
M, makes this less likely.  The imine dimer D exhibits an anti-Stokes shift of 235 cm-1, 
which could indicate that excitation is accompanied by changes in geometry.  
Comparison of the fluorescence of D with the ZnDAP imine dimer 17 of Screen et al.[53] 
is not possible, as the latter was not reported.  The fluorescence emission spectra upon 
excitation at 562 nm and 658 nm were also recorded, however no emission was seen.  
The excitation spectrum monitoring at the 648 nm emission band was not recorded, but 
is expected to consist of only the high-energy component of the Soret band, as this was 
the only band to exhibit strong fluorescence at 648 nm. 
 
Figure 6.7  Fluorescence emission spectra of azo dimer E in toluene upon excitation at different 
wavelengths; 423 nm (solid black), 494 nm (solid blue), 546 nm (solid grey), and the excitation spectra 
upon monitoring at the 609 nm emission band (dashed black) and monitoring at the 649 nm emission band 
(dashed blue) 
The fluorescence emission of azo dimer E at 609 nm and 649 nm both arise from the 
higher energy Soret component at 423 nm, indicating that the fluorescence is due to less 
conjugated conformations of the dimer.  Photoisomerisation of the azoporphyrin E was 
expected, due to structural similarities with azobenzene, but a number of studies 
conducted by Esdaile et al.[54] showed no evidence for the occurrence of isomerisation.  
The intensity of the azo dimer E fluorescence emission is diminished when compared to 
the ethene (B) or ethyne (C) dimers, which could be for the same reason as the reduced 
emission of the imine, that some of the emitted light of wavelengths 609 and 649 nm is 
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re-absorbed by the rather broad lowest energy Q band.  Again, the ~10-7 M concentration 
reduces the likelihood of this, however there is a large anti-Stokes shift of 3920 cm-1.  
The fluorescence emission was also recorded for excitation at 800 nm, however no 
emission was seen, and again the spectrum was significantly noisier.  The 1100 nm 
detection limit also inhibits this, as the emission may lie beyond 1100 nm. 
Upon measurement of the fluorescence lifetime and quantum yield of each dimer, the 
radiative (fluorescence) rate constant, 𝑘𝑟𝑠 and non-radiative rate constant, 𝑘𝑛𝑟𝑠 , can be 
calculated according to the following equations, which are derived from those given in 
section 1.1.5. 
𝑘𝑟
𝑠 = Φ
𝜏𝑠
;  𝑘𝑛𝑟𝑠 = 1−Φ𝜏𝑠  
The fluorescence lifetimes and quantum yields of ZnTriPP (50), ZnTriPPNH2 (59), 
ZnTriPP ethene dimer B, ZnTriPP ethyne dimer C and ZnTriPP azo dimer E were 
recorded at the University of Melbourne.  These data and the calculated radiative and 
non-radiative rate constants are given in Table 6.1.  The quantum yields were calculated 
using ZnTPP in toluene (0.033) as reference. 
Table 6.2  Fluorescence lifetimes, quantum yields and radiative and non-radiative rate constants for 50, 59, 
B, C and E 
Compound Fluorescence lifetime
a / ns 
(Emission wavelength / nm) 
Quantum 
yield 𝑘𝑟
𝑠 / s-1 𝑘𝑛𝑟𝑠  / s-1 
ZnTriPP, 50 2.21 (635) 0.028 1.27×107 4.40×108 
Ethene dimer, Bb 1.06 (720) 0.088 8.30×107 8.60×108 
Ethyne dimer, Cb 1.15 (720) 0.116 1.01×108 7.69×108 
ZnTriPPNH2, 59 3.83 (650) 0.208 5.43×107 2.07×108 
Azo dimer, E 1.94 (650) 0.005 2.58×106 5.13×108 
Notes 
a excited at 420 nm b quantum yield error is likely to be large, as the 
emission occurs in the far red where the detector response is low and the 
correction curve goes beyond a factor of 10 
 
None of the recorded fluorescence lifetimes were dramatically shortened, such that they 
would indicate the presence of an efficient competing photoisomerisation process.  This 
is in line with the results reported by Esdaile at al.[54] for the azoporphyrin E.  The 
quantum yield recorded for ethene dimer B (0.088) is much greater than that reported by 
Locos et al.[45] (0.018), however the emission of the dimer was in the far red, where the 
detector response is low and the quantum yield error is expected to be large. 
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It is quite clear from the fluorescence emission spectra that the ethyne dimer C is the 
most strongly fluorescent dimer, followed by the ethene dimer B, azo dimer E and 
finally the imine dimer D, under the same conditions.  While both a small increase in the 
radiative rate (𝑘𝑟𝑠) and a decrease in the non-radiative rate (𝑘𝑛𝑟𝑠 ) contribute to the higher 
fluorescence yield of the ethyne dimer compared to that of the ethene dimer, it is the 
much lower 𝑘𝑟𝑠 (39 times) of the azo dimer that mainly accounts for its much lower 
fluorescence intensity.  The exact role of the nitrogen atoms in the fluorescence 
quenching is not yet known, and awaits further investigation through additional 
experiments, such as transient absorption spectra and measurement of the fluorescence 
lifetime in the desired region.  The fluorescence lifetime and quantum yield of the imine 
dimer have not been obtained to date, however should prove interesting, and provide a 
good comparison with the azo and ethene dimers. 
The quantum yields of porphyrin dimers are generally lower than those of similar 
monomers.[45]  This is seen to be the case for the azo dimer E (compared to ZnTriPPNH2 
59), but curiously the ethene dimer B and ethyne dimer C do not follow this trend 
(compared to ZnTriPP 50).  The significantly reduced radiative rate of the azo dimer E is 
mainly responsible for the diminished quantum yield, in comparison with ZnTriPPNH2, 
while the increased radiative rates of both ethene dimer B and ethyne dimer C lead to the 
increased quantum yields of B and C in comparison with ZnTriPP. 
 
6.5 Theoretical Calculations 
The theoretical calculations were performed by Dr Llew Rintoul at QUT.  The 
geometries, energies and molecular orbitals of the dimers were modelled using DFT as 
implemented in the Gaussian 09 suite of programs.[57]  A model chemistry comprising 
the Becke-Lee-Parr exchange-correlation three parameter functional (B3LYP) and the 6-
31G(d,p) basis set was used throughout.  The geometries were optimised with the phenyl 
goups attached, and the effect of the solvent toluene was modelled using the integral 
equation formalism variant of the polarisable continuum model (IEFPCM) using the 
default settings of the Gaussian program. 
The eigenvalues of the eight-orbital arrays for each of the dimers are given in Figure 6.8.  
This diagram provides a comprehensible comparison of the degree of conjugation over 
the five dimers.  The vertical energy gap a represents the x/x splitting, b represents the 
single-transition based HOMO-LUMO gap, and c represents the x*/x* splitting, and are 
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given in wavenumbers in Table 6.3.  The x and x* orbitals are those that interact strongly 
via the bridge π orbitals.[46c] 
 
Figure 6.8  Comparison of the calculated eight frontier orbital eigenvalues for dimers A-E.  Orbitals shown 
in the left column are the strongly-interacting x, x* pairs, and orbitals shown in the right column are the 
weakly-interacting y, y* pairs (a = the energy gap between the occupied x orbitals; b = the HOMO-LUMO 
energy gap; c = the energy gap between the unoccupied x* orbitals; for clarity they are labelled only for 
the azo dimer E) 
The quantitative estimate of the “ground-state inter-porphyrin conjugation” as denoted 
by a increases in the order A << B < D < C < E.  This is representative of the degree of 
communication between the porphyrin units via the occupied orbitals, and is clearly very 
suppressed for ethane dimer A, and enhanced for azo dimer E.  The HOMO-LUMO 
energy gap b is associated with the energy of the longest wavelength Q band, and 
decreases in the order A >> B > D > C > E.  The calculated wavelength of the lowest 
energy Q band for the azo dimer is therefore the largest, as was found experimentally.  
The cross-bridge communication between the two porphyrin units via the unfilled 
orbitals, as denoted by c, follows the slightly different trend A << B < C < D < E.  As 
for the filled orbitals, c is suppressed for ethane dimer A, and enhanced for azo dimer E.  
The combination of very large splittings a and c and small energy gap b for azo dimer E 
emphasise the conclusion that the azo bridge results in the most efficient inter-porphyrin 
electronic communication.  The reduced steric hindrance of the sp2 nitrogen atoms lead 
to the smallest calculated porphyrin-bridge angles, which results in the most efficient 
conjugation between the two porphyrin units.  Additionally, the electronegative character 
of the nitrogen bridge produces a large red-shift of the lowest energy Q band.  These 
high-level calculations, as carried out by L. Rintoul, in conjunction with the 
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experimental data provide proof of the superiority of the azo bridge, as predicted by 
Screen et al.[53] in 2002. 
Table 6.3  The orbital energy gaps derived from the DFT calculations of the eight-orbital manifolds of 
porphyrin dimers A-E 
Compound a / cm–1 b / cm–1 c / cm–1 
Ethane dimer A 2129 21764 1198 
Ethene dimer B 3262 18691 3560 
Ethyne dimer C 4881 17172 4390 
Imine dimer D 4245 17319 4949 
Azo dimer E 5397 15353 6567 
 
Calculation of the thirty-two lowest singlet excited states for the conformations of 
minimum energy was completed by TD-DFT on the optimised dimer structures in 
toluene for comparison with the experimental data.  The calculated transitions (vertical 
bars) and experimental spectra are given for dimers B - E in Figure 6.9 - Figure 6.12.  
The extinction coefficients are expressed as ε / 105 M-1 cm-1, which results in a 
coincidental axis with the calculated oscillator strength without further manipulation. 
 
Figure 6.9  Comparison of the electronic absorption spectrum of ethene dimer B in toluene and the TD-
DFT calculated one-electron transitions (vertical bars) 
The theoretical data for ethene dimer B in Figure 6.9 are remarkably close to the 
experimental data.  The smaller wavenumber component of the Soret band and lowest 
energy Q band coincide well.  The calculated larger wavenumber components of the 
Soret envelope appear at a slightly larger wavenumber than the experimental absorption 
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bands, although the additional splitting is predicted.  The larger wavenumber Q band is 
not predicted, however it could arise from conformations that are not included. 
 
Figure 6.10  Comparison of the electronic absorption spectrum of ethyne dimer C in toluene and the TD-
DFT calculated one-electron transitions (vertical bars) 
The theoretical data for ethyne dimer C in Figure 6.10 coincide reasonably well to the 
experimental data.  While the smallest wavenumber Q band maximum is well-predicted, 
the calculated high-energy component of the Soret band is again blue-shifted, and the 
intensity of the low-energy component of the Soret is not reflected in the calculations, 
rather two transitions separated by 1200 cm-1 are predicted.  The larger wavenumber Q 
band in the experimental data is again not predicted, presumably for the same reason as 
for B. 
 
Figure 6.11  Comparison of the electronic absorption spectrum of imine dimer D in toluene and the TD-
DFT calculated one-electron transitions (vertical bars) 
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The theoretical data for imine dimer D in Figure 6.11 also coincide reasonably well to 
the experimental data.  The predicted low-energy Q band transition is slightly red-shifted 
and the predicted high-energy component of the Soret band is slightly blue-shifted.  The 
low-energy component of the Soret band is predicted well, and the high-energy Q band 
is slightly red shifted of three low oscillator strength transitions.  The broadness of the Q 
band region was thought to be due to the charge-transfer nature of the HOMO-LUMO 
transition, however as discussed in section 4.5.2, upon measurement of the electronic 
absorption spectra in solvents of different polarity and nucleophilicity, no clear trend 
was observed. 
 
Figure 6.12  Comparison of the electronic absorption spectrum of azo dimer E in toluene and the TD-DFT 
calculated one-electron transitions (vertical bars) 
The Q band region of the calculated data for azo dimer E in Figure 6.12 coincides well 
with the experimental data, while the calculated transitions in the Soret region are blue-
shifted in comparison with the experimental data, although the Soret splitting is well-
predicted. 
Although there are some discrepancies between the calculated one-electron transitions 
and the experimental data for the intensity and/or wavenumbers, the spectra are predicted 
well.  Inclusion of other conformers could improve the accuracy of the predictions, 
however it does come at a large computing time cost. 
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6.6 Conclusion 
The 1H NMR, electronic absorption and fluorescence emission spectra of diporphyrins B 
to E have been compared.  The theoretical calculations of the x/x (filled orbital) and 
x*/x* (unfilled orbital) splittings, and HOMO-LUMO energy gaps have been discussed, 
and the predicted one-electron transitions have been compared with the experimental 
data.  Through these analyses, the most efficient bridge for extending the electronic 
communication between the two porphyrin rings is the azo bridge.  This is evident from 
the downfield β-protons in the 1H NMR spectrum and large splitting of the Soret band 
and red-shift of the Q band in the electronic absorption spectrum.  The theoretical 
calculations also predicted the largest x/x (filled orbital) and x*/x* (unfilled orbital) 
splittings, and smallest HOMO-LUMO gap.  The sp2 nitrogen atoms of the azo bridge 
allow the smallest calculated porphyrin-bridge angles, and most efficient inter-porphyrin 
communication, in agreement with the prediction made in 2002 by Screen et al.[53] 
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7 Experimental 
7.1 General Experimental Procedures 
All reported synthetic work was carried out at Queensland University of Technology, 
Brisbane, Australia.  Some porphyrin precursors used were those prepared previously by 
Dr Oliver Locos or Dr Louisa Esdaile at Queensland University of Technology. 
All solvents used were Analytical Reagent grade unless otherwise stated.  Pyridine was 
stored over KOH; TEA was stored in a Sure/Seal™ bottle.  The following solvents were 
stored over 3 Å molecular sieves where dry conditions were used: toluene, DMF, 
acetonitrile, DCE, unless otherwise stated.  THF was also stored over 3 Å molecular 
sieves unless distilled; when required it was distilled under argon from sodium wire and 
benzophenone.  Hexane refers to n-hexane.  Hexane, ethyl acetate and pyrrole were 
distilled without additives prior to use. 
Column chromatography was performed using LC60A 40-63 Micron DAVISIL silica 
gel.  Thin-layer chromatography (TLC) was performed on Merck Silica Gel 60 F254 
plates and Grace UV254 plates. 
All NMR experiments were conducted on a Bruker Avance 400 spectrometer equipped 
with a QNP probe at 400.155 MHz or a Varian VR400 spectrometer fitted with an Auto 
X probe at 400 MHz.  All samples were prepared in CDCl3, unless otherwise stated, 
with oven-dried glassware.  A CHCl3 reference at 7.26 ppm was used for all 1H NMR 
spectra and CDCl3 at 77.0 ppm for all 13C NMR spectra.  Coupling constants are 
reported in Hz.  The gradient NOESY experiments were run with a mixing time of 1 
second. 
Accurate mass electrospray ionisation (ESI) mass spectra were recorded on a Kronos-
G6520B QTOF mass spectrometer using a flow rate of 0.4 mL/min and methanol or 
acetonitrile as eluent.  Source temperature at 325°C and capillary voltage at 4.0 kV were 
employed.  Calibration was performed before each use of the instrument,   Solvent 
aspiration was accomplished by nitrogen gas flowing at 5L/min.  Samples were prepared 
in methanol or acetonitrile with a drop of formic acid.  Matrix-assisted laser 
desorption/ionisation (MALDI) spectra were obtained at The University of Queensland, 
Brisbane.  Analysis was performed with an Applied Biosystems Voyager-DE STR 
BioSpectrometry Workstation.  The instrument was operated in positive polarity in 
reflection mode for analysis.  The calibrant was glu1-fibrino-peptide B, with a protonated 
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monoisotopic mass of 1570.6774.  The samples were spotted on a stainless steel sample 
plate in toluene solutions using 2,5-dihydroxybenzoic acid as the matrix.  Data from 100 
laser shots (337 nm laser) were collected, signal-averaged, and processed with the 
instrument manufacturer’s Data Explorer software.  The reported peak for the MALDI 
spectra is the peak of maximum intensity in the isotopic cluster. 
All UV/visible spectra were recorded on Shimadzu UV-1800 spectrophotometer or Cary 
50 UV/Visible spectrophotometer, in toluene unless otherwise stated.  Fluorescence 
spectra were recorded on an Agilent Cary Eclipse fluorescence spectrophotometer, in 
toluene.  The Raman spectrum of C was recorded on a Bruker MultiRam using a 
NdYAG laser operating at 1064 nm.  256 scans were acquired at 4 cm-1 resolution with a 
laser power of 30 mW. 
Single crystal X-ray diffraction data were collected for 29, 49, 59, and 60 at 173(2) K 
under the software control of CrysAlis CCD[88] on an Oxford Diffraction Gemini Ultra 
diffractometer using Mo-Kα radiation generated from a sealed tube. Data reduction was 
performed using CrysAlis RED.[88]  Multi-scan empirical absorption corrections were 
applied using spherical harmonics, implemented in the SCALE3 ABSPACK scaling 
algorithm, within CrysAlis RED[88] and subsequent computations were carried out using 
the WinGX-32 graphical user interface.[89]  The structures were solved by direct methods 
using SIR97[90] and refined with SHELXL-97.[91]  Full occupancy non-hydrogen atoms 
were refined with anisotropic thermal parameters. C−H hydrogen atoms were included in 
idealised positions and a riding model was used for their refinement. Crystal data and 
refinement details for 29, 49, 59, and 60 are supplied in Table 10.1 - Table 10.4 of the 
Appendices. 
Microanalyses were performed on a LECO TruSpec Micro, with combustion of the 
sample at 1050°C and acetanilide used as the calibration standard. 
The fluorescence lifetimes and quantum yields were recorded at the University of 
Melbourne, School of Chemistry by Mr Ben Robotham.  The fluorescence yields were 
measured exciting the compounds at 420 nm, and the quantum yields for S1 emission 
were calculated using ZnTriPP in toluene = 0.33 as the reference. 
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7.2 Synthesis of Monomeric Precursors 
7.2.1 Dipyrromethane (DPM) 
HNNH  
The method followed that reported by Lindsey and co-workers.[92]  Powdered 
paraformaldehyde (1.09 g, 36.6 mmol) was dissolved in freshly distilled pyrrole (250 
mL) in a three-necked 500 mL flask equipped with a stirrer bar, and the solution was 
degassed with argon for 10 minutes.  The solution was then heated to 55°C under argon 
before indium chloride [InCl3 (0.817 g, 3.69 mmol)] was added and left to stir at 55°C 
for 2.5 hours.  The heat was removed before sodium hydroxide pellets [NaOH (4.33 g, 
108 mmol)] were added and the murky green mixture left to stir at room temperature for 
another hour.  Recovery of the pyrrole gave a dark blue-green gum that was extracted 
with 20% ethyl acetate/80% hexane (5 × 50 mL).  The combined organic layers were 
dried over anhydrous sodium carbonate (Na2CO3), filtered and solvents removed.  A 
silica gel column was run [hexane/CHCl3/EA (7:1:2)].  The fractions containing 
dipyrromethane were evaporated, and the resultant slurry shielded from light and dried 
under high vacuum to give white snowflake-like crystals (1.23 g, 8.41 mmol, 23%).  The 
product was kept in the freezer shielded from light.  1H NMR δ: 7.89 (2H, bs, N H); 6.69 
(2H, m, J 1.7, and J 2.7, pyrrole H); 6.17 (2H, dd, J 2.89 and J 5.8, pyrrole H); 6.06 (2H, 
m, pyrrole H); 4.01 (2H, s, CH2).  These values agreed with those reported by Lindsey 
and co-workers.[93] 
7.2.2 Diphenylporphyrin (H2DPP, 74) 
N
NH N
HN
Ph
Ph
H H
 
A freshly opened Winchester bottle of chloroform (2.5 L) was degassed with nitrogen 
for 30 minutes.  DPM (1.23 g, 8.39 mmol) and benzaldehyde (0.85 mL, 8.39 mmol) 
were added and the mixture degassed for another 10 minutes.  TFA (0.1 mL) was added 
and the mixture allowed to stir, with reaction progress monitored by TLC, eluting with 
1% TEA in DCM.  Consumption of the starting material was seen after four hours, so 
74 
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DDQ (5.95 g, 26.2 mmol) was added and the mixture left to stir for another 30 minutes.  
This was followed by the addition of TEA (6 mL, 43.0 mmol) and a further 10 minutes 
stirring.  The solvents were then removed and the residue purified by a silica gel plug, 
eluting with 1% TEA in CHCl3.  The fast-eluting purple fractions were collected and the 
solvents removed.  Recrystallisation from CHCl3/MeOH afforded purple crystals (1.10 
g, 2.38 mmol, 57%).  1H NMR δ: 10.35 (2H, s, meso H); 9.42 (4H, d, J 4.5, β H); 9.12 
(4H, d, J 4.5, β H); 8.32-8.29 (4H, m, o-phenyl H); 7.85-7.83 (6H, m, m,p-phenyl H); -
3.09 (2H, s, inner N H).  These data agree with those published by Manka and 
Lawrence.[94] 
7.2.3 Phenyllithium 
Li
 
Lithium wire (0.7 g, 100 mmol) was washed free of oil with hexane and dried.  It was 
then cut into small pieces into a two-necked flask equipped with a condenser and stirrer 
bar under argon.  Diethyl ether (25 mL) was added before the drop-wise addition of 
bromobenzene (5.2 mL, 50 mmol) to maintain a constant reflux over 30 minutes.  As this 
was added, the mixture mixture changed colour from a light green to lime to yellow and 
then brown before ending at black.  This reaction has been shown to take place with 95% 
yield, with a nominal concentration of phenyllithium of 1.66 mmol mL-1.  The 
concentration was therefore not determined, as the reagent was always used in excess. 
7.2.4 5,10,15-Triphenylporphyrin (H2TriPP, 44) 
N
NH N
HN
Ph
Ph
Ph
H
 
The method followed that reported by Senge et al.[95]  H2DPP (74, 505 mg, 1.09 mmol) 
was placed in a two-necked flask under argon.  Freshly distilled THF (110 mL) was 
added and the mixture cooled to 0°C.  An aliquot of the phenyllithium solution (9 mL) 
was added, and the colour of the mixture became green-brown.  This was allowed to 
warm to room temperature and stirred for an additional 40 minutes before aqueous THF 
44 
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(1:1, 10 mL) was added and the mixture turned a deep green colour.  DDQ (368 mg, 
1.33 mmol) was then added; giving a red solution that was stirred for 45 minutes.  The 
solvents were removed before the residue was dissolved in DCM/TEA (100:0.5) and 
purified by column chromatography.  The purple fractions containing the product were 
combined and the solvents were removed.  Recrystallisation from DCM/MeOH gave 
purple crystals (553 mg, 94%).  1H NMR δ: 10.25 (1H, s, meso H); 9.37 (2H, d, J 4.8, 
β H); 9.05 (2H, d, J 4.8, β H); 8.93 (2H, d, J 4.4, β H); 8.90 (2H, d, J 4.8, β H); 8.29-
8.23 (6H, m, o-phenyl H); 7.82-7.80 (9H, m, m,p-phenyl H); -2.98 (2H, s, inner N H).  
These data agree with those published by Senge and Feng.[95] 
7.2.5 5-Iodo-10,15,20-triphenylporphyrin (H2TriPPI, 43a) 
N
NH N
HN
Ph
Ph
I
Ph  
The method followed the procedure reported by Hartnell and Arnold.[96]  H2TriPP (44, 
105 mg, 0.194 mmol), iodine (53.8 mg, 0.212 mmol), [bis(trifluoroacetoxy)iodo]benzene 
(106 mg, 0.246 mmol) and CHCl3 (50 mL) were placed in a flask equipped with a stirrer 
bar, forming a deep red solution, and allowed to stir away from light.  The reaction was 
monitored by TLC, eluting with CHCl3/hexane (2:1).  The starting material was 
consumed after 40 hours, and reaction mixture was washed with 10% sodium 
bicarbonate (1 × 50 mL) and 10% sodium thiosulfate (2 × 50 mL).  The organic layer 
was then dried over anhydrous sodium sulfate, filtered and solvents removed.  The 
residue was dissolved in CHCl3/n-hexane (2:1) and passed through a silica gel plug for 
purification.  The purified purple residue was determined by 1H NMR to have only one 
porphyrin product present, so was used in the next step without further purification 
(crude yield 114 mg, 89%).  1H NMR δ: 9.81(2H, d, J 4.8, β H); 8.91 (2H, d, J 3.6, β H); 
8.85 (4H, overlapping d, J 4.4, β H); 8.24-8.22 (6H, m, o-phenyl H); 7.83-7.77 (9H, m, 
m,p-phenyl H); -2.64 (2H, s, inner N H).  These data agree with those published by 
Hartnell and Arnold.[96] 
43a 
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7.2.6 5-Iodo-10,15,20-triphenylporphyrinatozinc(II) (ZnTriPPI, 48) 
N
N N
N
Ph
I
Ph
Ph Zn
      
The method used was adapted from the procedure reported by Therien et al.[97]  The 
H2TriPPI residue (43a, 114 mg, 0.17 mmol) was dissolved in CHCl3 (40 mL) and 
brought to reflux at 65°C.  Zn(OAc)2∙2H2O (114 mg, 0.52 mmol) was dissolved in 
MeOH (1 mL) and added drop-wise to the reaction mixture through the condenser.  
Reaction progress was monitored by TLC, eluting with CHCl3/hexane (2:1).  Five 
minutes after the addition was complete, the starting material was seen to be consumed.  
The mixture was allowed to cool and solvents removed.  The residue was dissolved in 
CHCl3/pyridine (100:1) and passed through a silica gel plug for purification.  The 
purified residue was recrystallised from DCM/pyridine/pentane to give purple crystals 
(110 mg, 76% over two steps).  1H NMR δ: 9.76 (2H, d, J 4.8, β H); 8.92 (2H, d, J 4.8, 
β H); 8.85 (2H, d, J 4.8, β H); 8.83 (2H, d, J 4.4, β H); 8.20-8.16 (6H, m, o-phenyl H); 
7.81-7.70 (9H, m, m,p-phenyl H).  UV/vis (toluene): λmax / nm (ε / 103 M-1cm-1) 428 
(287), 521 (2.82), 557 (13.8), 596 (4.44).  m/z (ESI): 726.0320 ([M]+, C38H23N4IZn+ 
calc. 726.0253).  Although this compound has been used as a starting material in the 
literature,[98] to the best of my knowledge there is no paper describing its full 
characterisation. 
7.2.7 5-Bromo-10,15,20-triphenylporphyrinatozinc(II) (ZnTriPPBr, 40b) 
N
N N
N
Ph
Ph
Ph
BrrZn
 
H2TriPPBr (40c; 489 mg, 0.792 mmol) was dissolved in CHCl3 (80 mL) and brought to 
reflux at 70°C.  Zn(OAc)2∙2H2O (450 mg, 2.05 mmol) was dissolved in MeOH (4 mL) 
and added drop-wise to the reaction mixture through the condenser.  Reaction progress 
was monitored by TLC, eluting with CHCl3/hexane (1:1) with a drop of pyridine.  The 
40b 
48 
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starting material was seen to be consumed in 30 minutes, so the heat was removed and 
the mixture allowed to cool overnight.  The solvents were removed before the residue 
was dissolved in CHCl3 and run through a silica gel plug for purification.  
Recrystallisation from DCM/pyridine/pentane gave powdery purple crystals (367 mg, 
61%).  1H NMR δ: 9.73 (2H, d, J 4.4, β H); 8.95 (2H, d, J 4.4, β H); 8.85 (4H, 
overlapping d, β H); 8.22-8.18 (6H, m, o-phenyl H); 7.77-7.76 (9H, m, m,p-phenyl H); 
6.48 (1H, t, J 6.8, γ-Py H); 5.69 (2H, m, β-Py H); 2.99 (2H, m, α-Py H).  These data 
agree with those published by Lindsey and co-workers.[99] 
7.2.8 5,10,15-Triphenylporphyrinatonickel(II) (NiTriPP, 28) 
N
N N
N
Ni
Ph
Ph
Ph
H
 
The method used was adapted from Arnold et al.[100] for similar porphyrins.  H2TriPP 
(44, 400 mg, 0.743 mmol) was dissolved in toluene (66 mL) and Ni(acac)2 (202 mg, 
0.787 mmol) was added.  The reaction mixture was then refluxed at 120°C and after five 
hours the starting material was seen to be consumed by TLC eluting with CHCl3/hexane 
(1:1).  The solvent was removed before the residue was dissolved in CHCl3 and purified 
by a silica gel plug.  Recrystallisation from DCM/MeOH gave purple crystals (413 mg, 
93%).  1H NMR δ: 9.84 (1H, s, meso H); 9.15 (2H, d, J 4.9, β H); 8.92 (2H, d, J 4.7 
β H); 8.81 (4H, overlapping d, β H); 8.07-8.04 (6H, m, o-phenyl H); 7.75-7.70 (9H, m, 
m,p-phenyl H).  These data agree with those published by Lu et al.[98b] 
7.2.9 5-Formyl-10,15,20-triphenylporphyrinatonickel(II) (NiTriPPCHO, 
29) 
N
N N
N
Ph
Ph
Ph
O
Ni
      29 
28 
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The method followed that reported by Locos and Arnold.[47]  Dry DMF (4 mL) was 
cooled to 0°C and purged with argon before freshly distilled phosphorus oxychloride 
(POCl3, 4.6 mL) was added drop-wise.  The light red clear solution was allowed to 
warm to room temperature, and then heated to 50°C before a solution of NiTriPP (28, 
380 mg, 0.638 mmol) in 1,2-dichloroethane (75 mL) was added drop-wise over a 30 
minute period.  Upon completion of the addition, the reaction mixture was allowed to stir 
for a further 3.5 hours at 50°C.  The reaction mixture was then poured into a saturated 
solution of sodium acetate (NaOAc, 300 mL) and allowed to stir for 30 minutes before 
being left for 48 hours.  The organic phase was separated, washed with water (3 × 100 
mL), dried over anhydrous sodium sulfate (Na2SO4), filtered and solvents removed.  
Recrystallisation from CHCl3/MeOH gave purple crystals (396 mg, 99%).  1H NMR δ: 
12.05 (1H, s, formyl H); 9.81 (2H, d, J 5.1, β H); 8.86, (2H, d, J 5.1, β H); 8.66 (2H, d, J 
5.0, β H); 8.59 (2H, d, J 5.0, β H); 7.98-7.96 (6H, m, o-phenyl H); 7.76-7.66 (9H, m, 
m,p-phenyl H).  These data agree with those published by Locos and Arnold.[47] 
7.2.10 5-Formyl-10,15,20-triphenylporphyrin (H2TriPPCHO, 54) 
N
NH N
HN
Ph
Ph
Ph
O
      
NiTriPPCHO (29, 79 mg, 0.13 mmol) was dissolved in a mixture of H2SO4 and TFA 
(1:9) and stirred at room temperature.  After 30 minutes the starting material was seen to 
be consumed by TLC (CHCl3 with a drop of TEA; micro-work-up of TLC sample to 
neutralise prior to spotting on TLC plate performed).  The reaction mixture was 
neutralised with saturated sodium bicarbonate (250 mL) and the product extracted into 
DCM.  The organic layer was then washed with water (3 × 100 mL), dried over 
anhydrous Na2SO4, filtered and solvents removed.  Recrystallisation from 
CHCl3/MeOH gave dark purple crystals (52 mg, 72%).  1H NMR δ: 12.50 (1H, s, formyl 
H); 10.03 (2H, bd, β H); 9.00 (2H, d, J 5.0, β H); 8.78 (2H, d, J 4.7, β H); 8.71 (2H, d, J 
4.7, β H); 8.28-8.18 (6H, m, o-phenyl H); 7.85-7.75 (9H, m, m,p-phenyl H); -1.97 (2H, 
bs, inner N H).  13C NMR δ: 194.74, 141.59, 141.16, 134.32, 128.21, 128.14, 126.88, 
125.75, 122.82, 107.63.  Found: C, 80.89; H, 5.078: N, 9.957%; (Calc. C, 82.66; H, 4.62; 
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N, 9.89).  Although this compound has been previously synthesised, the method differs 
greatly.  These data agree with those published by Dahms et al.[101] 
7.2.11 5-Formyl-10,15,20-triphenylporphyrinatozinc(II) (ZnTriPPCHO, 
60) 
N
N N
N
Zn
Ph
Ph
Ph
O
      
H2TriPPCHO (54, 72.2 mg, 0.127 mmol) was dissolved in chloroform (10 mL) and 
Zn(OAc)2∙2H2O (85.9 mg, 0.391 mmol) in methanol (1 mL) was added.  Upon addition 
of the zinc acetate, the reaction mixture was visibly greener.  The mixture was refluxed 
at 70°C for 15 minutes, at which point the starting material was seen to be consumed by 
TLC eluting with DCM/CHCl3 (1:1) and a drop of TEA.  The solvents were removed 
and the residue dissolved in chloroform for purification by a silica gel plug.  The plug 
was washed with methanol to ensure all the product had eluted.  Recrystallisation from 
DCM/pyridine/pentane gave purple crystals of the pyridine-coordinated product (65.6 
mg, 82%).  1H NMR δ: 12.37 (1H, s, formyl  H); 9.96 (2H, d, J 4.8, β H); 8.97 (2H, d, J 
4.8 β H); 8.78 (2H, d, J 4.8, β H); 8.78 (2H, d, J 4.8, β H); 8.17-8.15 (6H, m, o-phenyl 
H); 7.81-7.71 (9H, m, m,p-phenyl H).  13C NMR δ: 195.59, 153.69, 151.74, 149.09, 
149.03, 143.34, 142.64, 142.50, 136.21, 134.56, 134.27, 134.17, 132.62, 131.14, 129.10, 
127.63, 127.55, 126.89, 126.49, 126.41, 123.62, 122.84, 107.75, 53.43, 14.08.  m/z (ESI) 
629.1398 ([M+H]+, C39H25N4OZn+ calc. 629.1314).  UV/vis (toluene; pyridine 
coordinated): λmax / nm (ε / 103 M-1cm-1) 431 (271), 552 (12.1), 604 (145). 
7.2.12 5-Hydroxymethyl-10,15,20-triphenylporphyrinatonickel(II) 
(NiTriPPCH2OH, 30) 
N
N N
N
Ph
Ph
Ph
OH
Ni
 30 
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The method used was adapted from that reported by Arnold et al.[31]  NiTriPPCHO (29, 
156 mg, 0.250 mmol) and NaBH4 (366 mg, 9.67 mmol) were dissolved in dry THF (30 
mL) and allowed to stir at room temperature.  The starting material was seen to be 
consumed by TLC (CHCl3) after 30 minutes.  The reaction mixture was filtered and 
solvents removed.  The residue was then dissolved in DCM, washed with water (2 × 100 
mL), dried over anhydrous Na2SO4, filtered and solvents removed.  Recrystallisation 
from DCM/hexane yielded a papery red precipitate (93 mg, 66%).  1H NMR δ: 9.47 (2H, 
d, J 4.9, β H); 8.89 (2H, d, J 5.1, β H); 8.75 (2H, d, J 5.0, β H); 8.73 (2H, d, J 4.9, β H); 
8.02-8.00 (6H, m, o-phenyl H); 7.76-7.67 (9H, m, m,p-phenyl H); 6.56 (2H, bs, 
CH2OH); 2.59 (1H, bs, CH2OH).  13C NMR δ: 142.74, 142.63, 142.43, 142.36, 140.66, 
140.63, 133.69, 133.66, 133.33, 132.48, 132.24, 129.07, 127.84, 127.52, 126.95, 119.66, 
118.95, 113.61, 63.39.  Found: C, 74.79; H, 4.46; N, 8.78; (Calc. C, 74.91; H, 4.19; N, 
8.96).  m/z (ESI) 624.1237 ([M]+, C39H26N4NiO+ calc.624.1455). 
7.2.13 5-Hydroxymethyl-10,15,20-triphenylporphyrin (H2TriPPCH2OH, 
75) 
N
NH N
HN
Ph
Ph
Ph
OH
      
The method used was adapted from that reported by Arnold et al.[31]  H2TriPPCHO (54, 
60.1 mg, 0.106 mmol) and NaBH4 (113 mg, 2.99 mmol) were dissolved in dry THF (10 
mL) and allowed to stir at room temperature.  The starting material was seen to be 
consumed by TLC (CHCl3) after 1.5 hours, at which point the reaction mixture was 
filtered and solvents removed.  The product was purified by column chromatography 
[hexane/CHCl3/TEA (25:75:0.2)].  Once the less polar impurities had eluted, the eluent 
was changed to chloroform.  Recrystallisation from DCM/pentane gave a dark purple 
powder (51 mg, 84%).  1H NMR δ: 9.65 (2H, d, J 4.9, β H); 9.01 (2H, d, J 4.9, β H); 
8.82 (4H, overlapping d, β H); 8.22-8.18 (6H, m, o-phenyl H); 7.82-7.72 (9H, m, m,p-
phenyl H); 7.02 (2H, d, J 5.0, CH2OH); 2.64 (1H, t, J 5.5, CH2OH); -2.84 (2H, bs, inner 
N H).  UV/vis (toluene): λmax / nm (ε / 103 M-1cm-1) 419 (294), 480 (3.94), 514 (15.0), 
547 (5.89), 589 (5.59), 647 (2.81).  13C NMR δ: 142.03, 141.87, 134.51, 127.79, 126.70, 
75 
  
129 
121.07, 120.22, 114.75, 64.46.  These data agree with those published by Ishkov et 
al.,[102] where the compound was obtained as a side product of a different method. 
7.2.14 10,15,20-Triphenylporphyrinatonickel(II)-5-ylmethylpyridinium 
hexafluorophosphate (NiTriPPCH2Py∙PF6, 38b), 5-
methanesulfonylmethyl-10,15,20-triphenylporphyrinatonickel(II) 
(NiTriPPCH2OMs, 36) and bis[(10,15,20-
triphenylporphyrinatonickel(II)-5-yl)methyl] ether (NiTriPP-CH2-
O-CH2-NiTriPP, 37) 
N
N N
N
Ph
Ph
Ph
N+
Ni PF6
-
         
N
N N
N
Ph
Ph
Ph
O S
O
O
Ni
 
N
N N
N
Ph
Ph
Ph
O
Ni
N
N N
N
Ph
Ph
Ph
Ni
 
The method was adapted from the mesylation of a 5,10,15,20-tetrakis(α,α,α,α-o-
pivalamidophenyl)porphyrin reported by Eshima et al.[62]  NiTriPPCH2OH (30, 33.3 mg, 
0.0533 mmol) was dried under high vacuum for 30 minutes and the flask was filled with 
argon.  Dry DCM (16 mL), pyridine (200 µL, 2.48 mmol) and finally methanesulfonyl 
chloride (160 µL, 2.06 mmol) were added and the mixture was brought to reflux at 40°C.  
TLC showed the starting material was no longer present after four hours, eluting with 
CHCl3/MeOH (40:1).  The heat was removed and the solvents evaporated.  The residue 
was dissolved in minimum DCM and a saturated solution of KPF6 in methanol (2 mL) 
was added.  The DCM was evaporated slowly under reduced pressure, leaving a mixture 
of crystals of NiTriPPCH2Py∙PF6 (38b) and NiTriPPCH2OMs (36) (1.5:1, 34.3 mg, 
77%).  Ether-linked dimer 36 was also produced as a side product of the above reaction 
at a different time.  38b: 1H NMR δ [acetone, (CD3)2CO]: 9.70 (2H, d, J 5.3, β H); 9.27 
(2H, d, J 6.2, α-Py H); 8.90 (2H, d, J 5.3, β H); 8.80 (2H, d, J 4.8, β H); 8.76 (2H, d, J 
5.3, β H); 8.65 (1H, t, J 8.0, β-Py H); 8.31 (2H, bs, CH2); 8.15 (2H, t, J 6.6, γ-Py H); 
38b 36 
37 
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8.04-8.00 (6H, m, o-phenyl H); 7.80-7.73 (9H, m, m,p-phenyl H).  m/z (ESI) 607.1434 
([M-Py]+, C39H25N4Ni+ calc. 607.1427).  36: 1H NMR δ [acetone, (CD3)2CO]: 9.62 (2H, 
d, J 5.3, β H); 8.83 (2H, d, J 5.2m β H); 8.73 (2H, d, J 4.8, β H); 8.71 (2H, d, J 4.8, 
β H); 8.04-8.00 (6H, m, o-phenyl H); 7.80- 7.73 (9H, m, m,p-phenyl H); 6.40 (2H, s, 
CH2); 3.71 (3H, s, CH3).  37: 1H NMR δ : 9.18 (4H, d, J 5.0, β H); 8.63 (4H, d, J 5.0, 
β H); 8.61-8.59 (8H, overlapping d, β H); 7.92-7.90 (4H, m, distal o-phenyl  H); 7.87-
7.85 (8H, m, lateral o-phenyl H); 7.64-7.55 (18H, m, m,p-phenyl H); 6.60 (4H, s, CH2).  
m/z (MALDI) 608.4 ([M-C38H25N4ONi]+, C38H25N4Ni+ calc. 607.1. 
7.2.15 10,15,20-Triphenylporphyrin-5-ylmethylpyridinium 
hexafluorophosphate (H2TriPPCH2Py∙PF6, 76) 
N
NH N
HN
Ph
Ph
Ph
N+
PF6
-
 
The method was adapted from the mesylation of a 5,10,15,20-tetrakis(α,α,α,α-o-
pivalamidophenylporphyrin reported by Eshima et al.[62]  H2TriPPCH2OH (74, 8.28 mg, 
0.0146 mmol) was dried under vacuum for 20 minutes and then the flask was back-filled 
with argon.  Dry DCM (5 mL), pyridine (31 µL, 0.385 mmol) and finally 
methanesulfonyl chloride (24 µL, 0.309 mmol) were added and the reaction allowed to 
stir under argon.  After 30 hours, the starting material was no longer visible by TLC, 
eluting with CHCl3/MeOH (40:1).  The reaction mixture was washed with water (3 × 20 
mL), dried over anhydrous Na2SO4, filtered and solvents removed.  The residue was 
dissolved in minimum DCM and a saturated solution of KPF6 in MeOH (3 mL) was 
added.  The DCM was allowed to evaporate slowly, and the product crashed out of 
solution to give a dark powder (5.39 mg, 48%).  1H NMR δ [acetone, (CD3)2CO]: 9.84 
(2H, bd, β H); 9.47 (2H, d, J 6.2, α-Py H); 9.04 (2H, d, J 4.8, β H); 8.93 (2H, d, J 4.8, 
β H); 8.88 (2H, d, J 4.5, β H); 8.73 (1H, t, J 7.8, γ-Py H); 8.66 (2H, bs, CH2); 8.27-8.22 
(8H, m, o-phenyl H and β-Py H); 7.92-7.83 (9H, m, m,p-phenyl H); -2.67 (2H, s, inner N 
H).  m/z (ESI) 551.3174 ([M-Py]+, C39H27N4+ calc. 551.2231). 
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7.2.16 5-Cyano-10,15,20-triphenylporphyrin (H2TriPPCN, 56) 
N
NH N
HN
Ph
Ph
Ph
C N
 
The method was adapted from Arnold et al. for analogous porphyrins.[67]  H2TriPPCHO 
(54, 30.7 mg, 0.0542 mmol) and hydroxylamine hydrochloride (NH2OH·HCl, 17.9 mg, 
0.258 mmol) were dissolved in pyridine (20 mL) and heated at 100°C.  After two hours, 
a prominent new spot with considerable concentration was seen by TLC (CHCl3).  
Rather than let the over-reduced porphyrin form, the heat was removed and the mixture 
poured into water (40 mL).  The product of the first step was extracted into DCM (4 × 50 
mL) and the combined organic layers were washed with water (4 × 100 mL), dried over 
anhydrous Na2SO4, filtered and solvents removed.  The residue was left under argon 
overnight, and dissolved in acetic anhydride (25 mL) and brought to reflux at 140°C the 
next day.  After one hour, the product of the first step was seen to be consumed by TLC 
(CHCl3) so the heat was removed.  The reaction mixture was poured into water and 
allowed to stir for 30 minutes.  The product of the second step was extracted into 
chloroform (50 mL), washed with water (3 × 50 mL), dried over anhydrous Na2SO4, 
filtered and solvents removed.  The residue was dissolved in CHCl3/hexane (3:1) and 
run through a silica gel column to separate the product from the second step from the 
remaining undesired product of the first step.  The fractions containing the desired 
product were combined and evaporated.  No further purification was performed.  1H 
NMR δ: 9.56 (2H, d, J 4.6, β H); 9.00 (2H, d, J 4.6, β H); 8.80 (2H, d, J 4.6, β H); 8.77 
(2H, d, J 4.4, β H); 8.18-8.15 (6H, m, o-phenyl H); 7.81-7.72 (9H, m, m,p-phenyl H); -
2.44 (2H, s, inner N H).  UV/vis (toluene): λmax / nm (relative intensity) 422 (1), 519 
(0.057). 555 (0.032), 592 (0.017), 648 (0.012).  m/z (ESI) 564.2217 ([M+H]+, C39H26N5+ 
calc. 564.2183).  13C NMR δ: 141.47, 140.87, 134.44, 134.31, 133.66, 132.34, 130.88, 
129.48, 128.79, 128.21, 127.00, 126.76, 125.26, 122.56, 122.23, 84.41. 
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7.2.17 Attempted synthesis of 5-aminomethyl-10,15,20-triphenyl-
porphyrin (H2TriPPCH2NH2, 57) 
N
NH N
HN
Ph
Ph
Ph
NH2
 
The H2TriPPCN (56) residue (~30 mg, 0.054 mmol) was dried under high vacuum for 
30 minutes, filled with argon and dissolved in freshly distilled THF (10 mL).  LiAlH4 
(4.43 mg, 0.117 mmol) was added and the reaction mixture left to stir under argon.  TLC 
monitoring (CHCl3) showed no reaction progress after one day, so a condenser was 
added and the reaction mixture heated to 65°C.  The reaction mixture was heated for an 
additional five days, but still no progress was seen by TLC.  The reaction was therefore 
stopped. 
7.2.18 5-Nitro-10,15,20-triphenylporphyrin (H2TriPPNO2, 77) 
N
NH N
HN
Ph
Ph
Ph
NO2
 
The method used followed that reported by Esdaile et al.[54]  H2TriPP (44, 272 mg, 0.506 
mmol) was dissolved in a mixture of dry DCM (36 mL) and dry acetonitrile (12 mL) 
with stirring under argon.  Iodine (116 mg, 0.457 mmol) in dry DCM (12 mL) was added 
and the reaction mixture was allowed to stir shielded from light.  After 30 minutes, silver 
nitrite (132 mg, 0.858 mmol) in dry acetonitrile (12 mL) was added, and the formation of 
a yellow precipitate was observed.  The reaction mixture was left to stir under argon 
overnight.  Consumption of the starting material was monitored by TLC, with 
toluene/hexane (2:1) as eluent.  After 17 hours, no starting material remained, and the 
reaction mixture was visibly greener.  The reaction mixture was filtered and solvents 
removed.  The residue was dissolved in CHCl3 and run through a silica gel plug for 
purification.  Analysis by 1H NMR showed the product to be substantially pure, and no 
further purification was performed before further reaction (crude yield 236 mg, 
77 
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80%).  1H NMR δ: 9.34 (2H, d, J 4.4, β H); 9.00 (2H, d, J 4.4, β H); 8.85 (2H, d, J 4.4, 
β H); 8.82 (2H, d, J 4.0, β H); 8.22-8.20 (6H, m, o-phenyl H); 7.84-7.78 (9H, m, m,p-
phenyl H); -2.58 (2H, s, inner N H).  UV/vis (toluene): λmax / nm (ε / 103 M-1cm-1) 425 
(316), 505 (4.25), 540 (7.74), 579 (20.6), 625 (4.25), 685 (18.8).  These data agree with 
those published by Esdaile et al.[54] 
7.2.19 5-Amino-10,15,20-triphenylporphyrin (H2TriPPNH2, 62) 
N
NH N
HN
Ph
Ph
Ph
NH2
      
The method was adapted from Bašić et al. for similar porphyrins.[81]  An aliquot of the 
H2TriPPNO2 residue (77, 74 mg, 0.137 mmol) was dissolved in DCM (40 mL) and 
MeOH (40 mL).  10% Palladium on charcoal (81.7 mg) was added and the resulting 
mixture degassed for 10 minutes with nitrogen.  NaBH4 (50 mg, 1.32 mmol) was added 
to the flask over a period of 20 minutes.  Completion of the reaction was indicated by 
TLC (DCM) after 30 minutes.  The reaction mixture was filtered and solvents removed.  
The product was purified by column chromatography and recrystallised from 
DCM/pentane yielding dark purple crystals (37 mg, 49%).  1H NMR δ: 8.94 (2H, d, J 
4.3, β H); 8.53 (2H, d, J 4.6, β H); 8.49 (2H, d, J 4.5, β H); 8.45 (2H, d, J 4.6, β H); 
8.13-8.09 (6H, m, o-phenyl H); 7.80-7.69 (9H, m, m,p-phenyl H); 6.27 (2H, bs, NH2); -
0.78 (2H, bs, inner N H).  UV/vis (toluene): λmax / nm (ε / 103 M-1cm-1) 426 (208), 507 
(4.80), 540 (7.29), 579 (16.9), 625 (4.05), 686 (15.0).  m/z (ESI) 554.2346 ([M+H]+, 
C38H28N5+ calc. 554.2339).   13C NMR δ: 142.20, 142.15, 134.32, 134.22, 131.68, 
127.55, 127.33, 126.87, 126.72, 120.09, 114.89. 
7.2.20 5-Nitro-10,15,20-triphenylporphyrinatozinc(II) (ZnTriPPNO2, 78) 
N
N N
N
Ph
Ph
Ph
Zn NO2
 78 
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The method used followed that reported by Esdaile et al.[54]  Half of the crude residue of 
H2TriPPNO2 (77, ~147 mg, 0.253 mmol) was dissolved in chloroform (40 mL) and 
brought to reflux at 70°C.  Zinc acetate [Zn(OAc)2∙2H2O, 173 mg, 0.788 mmol] in 
methanol (2 mL) was added and the starting material was seen to disappear after one 
hour by TLC [THF/hexane (1:9)].  The solvents were removed before the product was 
dissolved in DCM/pyridine (100:1) and run through a silica gel plug for purification.  
The 1H NMR spectrum of the product indicated that no other porphyrin products were 
present, so no further purification was performed before further reaction (crude yield 106 
mg, 70%).  1H NMR δ: 9.35 (2H, d, J 4.6, β H); 9.01 (2H, d, J 4.8, β H); 8.87 (2H, d, J 
4.4, β H); 8.84 (2H, d, J 4.6, β H); 8.20-8.17 (6H, m, o-phenyl H); 7.83-7.73 (9H, m, 
m,p-phenyl H).  These data agree with those published by Esdaile et al.[54] 
7.2.21 5-Amino-10,15,20-triphenylporphyrinatozinc(II) (ZnTriPPNH2, 59) 
N
N N
N
Ph
Ph
Ph
NH2Zn
 
Method 1:  The method used was that reported by Esdaile et al.[54]  An aliquot of 
ZnTriPPNO2 residue (78, 18.8 mg, 0.0291 mmol) was dried under vacuum and purged 
with argon.  DCM (15 mL) and MeOH (15 mL) were added and then the mixture 
degassed with argon for five minutes.  10% Palladium on charcoal (20 mg) was added 
and the mixture degassed for another 10 minutes.  NaBH4 (40 mg, 1.1 mmol) was 
crushed and added over a 20 minute period.  The reaction mixture was left to stir under 
argon, and after 15 minutes the reaction was seen to be complete by TLC, DCM/hexane 
(1:1) as eluent.  The reaction mixture was filtered and solvents removed.  The residue 
was dissolved in DCM/hexane/pyridine (50:50:1) and purified by column 
chromatography.  After the first pink band had eluted the solvent was changed to 
DCM/pyridine (100:1).  The band containing the product was evaporated and 
recrystallisation from DCM/pentane gave a dark purple powder (7.4 mg, 41%). 
Method 2:  H2TriPPNH2 residue (62, ~242 mg, 0.437 mmol) was dissolved in CHCl3 
(50 mL) and brought to reflux at 70°C.  Zinc acetate [Zn(OAc)2∙2H2O, 294 mg, 1.34 
mmol] in MeOH (3 mL) was added drop-wise, and after 10 minutes the reaction 
appeared to be complete by TLC (DCM).  The heat was removed and solvents 
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evaporated.  The residue was dissolved in DCM/pyridine (100:1) and purified by column 
chromatography.  The bands containing the product were combined and evaporated.  
Recrystallisation from DCM/pentane gave flaky purple crystals (51.7 mg, 20%; the 
compound is slightly soluble in pentane so there are severe losses in the recrystallisation 
process).  1H NMR δ: 8.91 (2H, d, J 4.5, β H); 8.59 (2H, d, J 4.7, β H); 8.55 (2H, d, J 
4.5, β H); 8.50 (2H, d, J 4.8, β H); 8.13-8.11 (4H, m, o-phenyl H); 8.09-8.06 (2H, m, o-
phenyl H); 7.75-7.63 (9H, m, m,p-phenyl H); 7.01 (1H, t, J 7.6, γ-Py H); 6.44 (2H, t, J 
7.2, β-Py H); 6.08 (2H, bs, NH2); 5.8 (2H, bs, α-Py H).  UV/vis (toluene): λmax / nm (ε / 
103 M-1cm-1) 431 (255), 554 (8.24), 585 (7.23), 603 (7.53), 633 (12.7).  These data agree 
with those published by Esdaile et al.[54] 
7.2.22 5-Nitro-10,15,20-triphenylporphyrinatonickel(II) (NiTriPPNO2, 79) 
N
N N
N
Ph
Ph
Ph
NO2Ni
 
The method followed that reported by Esdaile et al.[54]  Half of the crude residue of 
H2TriPPNO2 (77, ~147 mg, 0.253 mmol) and Ni(acac)2 (168 mg, 0.654 mmol) were 
dissolved in toluene (40 mL) and brought to reflux at 115°C.  Monitoring of the reaction 
by TLC, eluting with THF/hexane (1:9), showed that the starting material was consumed 
after 6 hours, at which point the reaction mixture was cooled and solvent was removed.  
The residue was dissolved in DCM and purified by column chromatography.  The 
product was recrystallised from DCM/MeOH to give red-maroon crystals (16.1 mg, 
10%).  1H NMR δ: 9.26 (2H, d, J 5.2, β H); 8.87 (2H, d, J 5.1, β H); 8.74 (2H, d, J 4.9, 
β H); 8.70 (2H, d, J 4.9, β H); 8.00-7.98 (6H, m, o-phenyl H); 7.76-7.69 (9H, m, m,p-
phenyl H).  These data agree with those published by Esdaile et al.[54] 
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7.2.23 5-[4,4,5,5-Tetramethyl-(1,3,2)dioxaborolan-2-yl]-10,15,20-
triphenylporphyrinatozinc(II) (ZnTriPPBPin, 68) 
N
N N
N
Ph
Ph
Ph
B
O
O
Zn
 
The method used was that published by Locos et al.[45]  ZnTriPPBr (40b, 77.8 mg, 0.102 
mmol) and PdCl2(PPh3)2 (3.2 mg, 0.0046 mmol) were dried in a Schlenk tube under 
vacuum.  The tube was back-filled with argon before dry 1,2-DCE (10 mL) and dry TEA 
(180 µL, 1.3 mmol) were added.  Three freeze-pump-thaw cycles were employed to 
degas the solution and the tube was again filled with argon.  Pinacolborane (120 µL, 0.84 
mmol) was added to the green solution before the vessel was sealed and heated to 90°C.  
The starting material was seen to be almost gone after four hours by TLC (DCM), and 
the reaction mixture was visibly redder in colour.  The reaction was quenched with 
saturated sodium chloride (NaCl, 10 mL) and left to stir for 48 hours.  The organic layer 
was washed with water (3 × 10 mL), dried over anhydrous Na2SO4, filtered and the 
solvents were removed.  The residue was dissolved in DCM/hexane (4:1) and purified by 
column chromatography.  The fractions containing the desired product were combined 
and solvents removed (crude yield 46.6 mg, 63%).  No further purification was 
performed.  1H NMR δ: 9.99 (2H, d, J 4.7, β H); 9.16 (2H, d, J 4.7, β H); 9.02 (2H, d, J 
4.7, β H); 9.01 (2H, d, J 4.6, β H); 8.30-8.27 (6H, m, o-phenyl H); 7.85-7.78 (9H, m, 
m,p-phenyl H); 1.91 (12H, s, CH3).  These data agree with those published by Locos and 
et al.[45] 
7.2.24 Attempted synthesis of 5-dimethylaminomethyl-10,15,20-
triphenylporphyrinatonickel(II) (NiTriPPDMAM, 34) 
N
N N
N
Ph
Ph
Ph
N
Ni
 34 
68 
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The method used was adapted from that reported by Ponomarev.[103]  A 100 mL three-
necked flask equipped with a dropping funnel, septum and stirrer bar was evacuated and 
filled with argon.  DMF (300 µL) was added, and cooled to 0°C with the aid of an ice 
bath.  Freshly distilled POCl3 (345 µL) that was also cooled to 0°C was added drop-wise 
via a syringe to the DMF.  The mixture was allowed to warm to room temperature and 
stirred for a further 30 minutes, turning a clear yellow.  The Vilsmeier reagent was 
heated to 50°C before NiTriPP (28, 39.1 mg, 0.0656 mmol) in dry 1,2-DCE (5.6 mL) 
was added over 20 minutes.  The reaction mixture was allowed to cool, and left to stir 
overnight.  An aliquot (2 mL) of the reaction mixture was transferred to a separatory 
funnel containing DCM and washed quickly with water (3 × 10 mL).  The organic layer 
was concentrated before the addition of dry acetonitrile (8 mL) and NaBH4 (8.5 mg), 
and the reaction mixture allowed to stir for 15 minutes.  Water (10 mL) was then added 
to quench the reaction and the resultant fine powder was filtered and dried under 
vacuum.  The fine powder was analysed by 1H NMR spectroscopy and found to contain 
NiTriPPCHO (29) and NiTriPPCH2OH (30) in a ratio of 1:0.8.  
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7.3 Synthesis of Porphyrin Dyads 
7.3.1 Attempted syntheses of 1,2-bis[10,15,20-triphenylporphyrinato-
nickel(II)-5-yl]ethane (NiTriPP-CH2-CH2-NiTriPP, 31) and 1,2-
bis[10,15,20-triphenylporphyrin-5-yl]ethane (H2TriPP-CH2-CH2-
H2TriPP, 32) 
N
N N
N
Ph
Ph
Ph
N
N N
N
Ph
Ph
Ph
M
M
 
7.3.1.1 By reduction of NiTriPPCHO (29) with LiAlH4 
The method used was adapted from that reported for OEP by Arnold et al.[31]  
NiTriPPCHO (29, 19.6 mg, 0.0314 mmol) was placed in a dry 100 mL flask equipped 
with a stirrer bar and condenser.  Freshly distilled THF (15 mL) and LiAlH4 (14.0 mg, 
0.369 mmol) were added and the reaction mixture was brought to reflux at 66°C.  The 
reaction progress was monitored by TLC, eluting with CHCl3 and a drop of TEA.  After 
refluxing for three hours, a more polar red spot was apparent on the TLC plate.  Since 
the product is less polar than the starting material and the reaction didn’t appear to be 
proceeding, more LiAlH4 (28.8 mg, 0.753 mmol) was added to the reaction mixture.  
Thirty minutes later, a less polar orange spot was present on the TLC plate.  After 
refluxing for 18 hours, the starting material was still present on the TLC plate, so more 
LiAlH4 (11.7 mg, 0.308 mmol) was added, the heat was removed and reaction left 
stirring overnight.  After stirring for 16 hours, the spot corresponding to the starting 
material had greatly diminished, so the reaction was quenched with saturated NH4Cl (20 
mL) and diluted with diethyl ether (50 mL).  The organic layer was washed with sat. 
NH4Cl (20 mL), water (2 × 50 mL), dried over anhydrous Na2CO3, filtered and the 
solvents were removed.  Analysis of the crude reaction mixture by 1H NMR did not 
display the expected proton signals for the ethane dimer.  The components of the 
reaction mixture were separated by column chromatography, eluting with 1% TEA in 
CHCl3.  The major components of the mixture were found to be contain NiTriPP (28) 
and NiTriPPCH3 (33) as the less polar compounds and NiTriPPCH2OH (30), and small 
amounts of both the directly-linked dimer and NiTriPPCHO (29) starting material as the 
more polar compounds. 
31  M = Ni 
32  M = 2H 
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7.3.1.2 By acid-catalysed coupling of NiTriPPCH2OH (30) 
The method used was adapted from that reported for OEP by Arnold et al.[31]  
NiTriPPCH2OH (30, 28.6 mg, 0.0457 mmol) was dissolved in DMF (6 mL) and H2SO4 
(0.12 mmol) and the maroon-red solution was brought to reflux at 160°C.  Progress of 
the reaction was monitored by TLC after a micro scale work-up with NaHCO3 to 
neutralise the acidic mixture, eluting with CHCl3.  After refluxing for 24 hours, the TLC 
spot corresponding to the starting material was very faint, and a much more 
concentrated, less polar green spot was present, and the reaction mixture had turned a 
yellow-brown colour.  The acidic mixture was neutralised with saturated NaHCO3 (20 
mL) and diluted with CHCl3 (20 mL).  The organic layer was then separated and washed 
with water (4 × 20 mL), dried over anhydrous Na2SO4, filtered and solvents removed.  
A silica gel column was run to separate the crude reaction mixture, eluting with CHCl3.  
The main green product was collected from the column and determined by 1H NMR to 
be NiTriPPCHO (29).  Each of the remaining fractions were analysed by UV/visible 
absorption spectroscopy, however none had the expected dimer profile. 
7.3.1.3 Using one-electron donors 
Method 1:  Freshly distilled THF (5 mL) was degassed with nitrogen for 5 minutes 
before 2,2’-bipyridine (18.75 mg, 0.120 mmol) and CuCl (5.9 mg, 0.060 mmol) were 
added, and the solution turned a light orange, before slowly darkening.  An aliquot of the 
solution (1 mL) was added to a solution of NiTriPPCH2Py∙PF6 (38b, 9.06 mg, 0.0109 
mmol) in freshly distilled, degassed THF (2 mL) and allowed to stir under nitrogen at 
room temperature.  The reaction progress was monitored by TLC, eluting with DCM.  
No reaction progress was seen after 30 minutes, and as Cu(II) has precipitated out of the 
stock solution, it was assumed that it had done the same in the reaction mixture, leaving 
no Cu(I) for the ATRA.  The reaction mixture was filtered and solvents removed, and 
analysis by 1H NMR did not show any formation of the desired dimer product. 
Method 2:  A mixture of NiTriPPCH2Py∙PF6 (38b) and NiTriPPCH2OMs (36) (15:1, 
10.31 mg, 0.0125 mmol), CuCl (1.5 mg, 0.0156 mmol) and a stirrer bar were placed in a 
Schlenk tube and dried under vacuum for 30 minutes, then filled with argon.  
Acetonitrile (10 mL) that had been degassed with nitrogen for 30 minutes was added to 
the tube under a stream of argon and allowed to stir at room temperature.  The reaction 
progress was monitored by TLC, eluting with CHCl3, and after one hour the starting 
materials remained.  The reaction mixture was heated to 50°C, and after 16 hours, there 
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was still no reaction progress.  The heat was removed, and analysis of the crude mixture 
by 1H NMR showed that only the starting materials were present. 
Method 3:  A mixture of NiTriPPCH2Py∙PF6 (38b) and NiTriPPCH2OMs (36) (2:1, 
10.16 mg, 0.0127 mmol) was dissolved in freshly distilled THF (5 mL) and degassed 
with nitrogen for 30 minutes in a microwave vial.  To this mixture, SmI2 in THF (200 
µL of 0.1 M, 0.020 mmol) was added via syringe and the capped vial was allowed to stir 
at room temperature.  The reaction progress was monitored by TLC, eluting with CHCl3.  
No change in TLC behaviour was seen after four days, so another aliquot of SmI2 in 
THF (500 µL, 0.050 mmol) was added.  Stirring the reaction for a week further did not 
result in any further TLC changes, so the mixture was allowed to stir under air overnight.  
The reaction mixture was poured into a mixture of saturated Na2S2O3, saturated 
NaHCO3, saturated NaCl and ether.  The organic layer was washed with the salt solution 
(3 × 50 mL), separated, dried over anhydrous Na2SO4, filtered and solvents removed. 
7.3.1.4 By the reductive Heck reaction 
The method used was adapted from that reported by Tobrman and Dvořák.[64]  
Haloporphyrin (40a, 43a or 43b, 1 eq), vinylporphyrin (42a or 42b, 1 eq), palladium 
catalyst [Pd(PPh3)4 or Pd(OAc)2, 1 eq] and ligand [none where Pd(PPh3)4 was used, 
otherwise dcpe, 1 eq) were placed in a microwave vial and degassed with nitrogen.  
Formic acid (6 eq) and triethylamine (8 eq) in DMF (0.8 mL) were degassed with 
nitrogen and added to the vial.  The reaction mixture was heated to 50°C and reaction 
progress was monitored by TLC, eluting with 50% hexane in CHCl3.  After five days, 
there was no change in TLC behaviour, so the heat was removed.  The reaction mixture 
was diluted with DCM, washed with water (4 × 25 mL), separated, dried over anhydrous 
Na2SO4, filtered and the solvents were removed.  Analysis by 1H NMR revealed 
conversion of the starting haloporphyrins to the meso-unsubstituted porphyrins 28 and 
44, and the nickel vinyl porphyrin to the ethyl porphyrin 45. 
7.3.1.5 By reduction of ZnTriPP-CH=CH-ZnTriPP (B) 
The ZnTriPP ethene dimer (B, 10.5 mg, 0.00854 mmol) was dissolved in anhydrous 
THF (40 mL) in a small hydrogenation vessel.  10% Pd on C (10.1 mg) was added and 
the reaction mixture allowed to shake in the hydrogenator apparatus for one hour under a 
hydrogen pressure of 3 bar.  The reaction progress was checked by TLC (CHCl3), but 
the only evident spot was that of the ethene dimer.  The reaction mixture was then 
allowed to shake in the hydrogenator apparatus for 2 hours further, under a hydrogen 
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pressure of 4 bar.  Again, no reaction progress was seen by TLC.  The reaction mixture 
was then put back onto the hydrogenator apparatus for another 6 hours with a hydrogen 
pressure of 5 bar.  Still, no reaction progress was seen by TLC.  The reaction mixture 
was filtered, and solvent removed. 
 
7.3.2 Synthesis of (E)-1,2-Bis[10,15,20-triphenylporphyrinatozinc(II)-5-
yl]ethene (ZnTriPP-CH=CH-ZnTriPP, B) by Stille coupling 
N
N N
N
Ph
Ph
Ph
N
N N
N
Ph
Ph
Ph
Zn
Zn
 
The method used was adapted from that reported by Frampton et al.[43]  ZnTriPPI (48, 
81.34 mg, 0.112 mmol), CuI (8.28 mg, 0.0435 mmol), CsF that had been dried under 
vacuum at 80°C for two hours (46.81 mg, 0.308 mmol) and Pd(PPh3)4 (23.48 mg, 
0.0203 mmol) were placed in a dry Schlenk tube equipped with a stirrer bar.  The tube 
was evacuated and filled with argon before dry DMF (5 mL) was added and four freeze-
pump-thaw degas cycles were performed.  (Bu3Sn)2C2H2 (34 mg, 0.056 mmol) was then 
added under a stream of argon and the tube heated to 115°C.  The reaction progress was 
monitored by TLC, eluting with 20% hexane in DCM and a drop of pyridine, and after 
22 hours, consumption of the starting material was seen, as well as a less polar green 
spot on the plate.  The reaction mixture was cooled, diluted with DCM, washed with 
water (3 × 25 mL), dried over anhydrous Na2SO4, filtered and solvents removed.  A 
silica gel column was run to purify the reaction mixture, eluting with 50% hexane and 
1% pyridine in CHCl3.  ZnTriPP (50) and the directly-linked dimer (70) were both 
isolated as side products, and the major green band containing the ethene dimer was 
recrystallised from DCM/pentane to give purple crystals (34.0 mg, 50%).  1H NMR δ: 
10.07 (4H, d, J 4.3, β H); 10.02 (2H, s, ethene H); 9.07 (4H, d, J 4.3, β H); 8.89 (8H, s, 
β H); 8.30-8.25 (12H, m, o-phenyl H); 7.77-7.76 (18H, m, m,p-phenyl H).  UV/vis 
(toluene): λmax / nm (ε / 103 M-1 cm-1) 423 (164), 434 (161), 473 (142), 559 (23.5), 635 
(23.2).  m/z (MALDI): 1225.7 ([M]+, C78H47N8Zn2+ calc. 1225.3).  These data agree 
with those published by Locos et al.[45] 
B 
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7.3.3 Attempted synthesis of (E)-1,2-Bis[10,15,20-triphenylporphyrinato-
zinc(II)-5-yl]ethene (ZnTriPP-CH=CH-ZnTriPP, B) by Suzuki 
coupling 
The method used was adapted from that reported by Locos et al.[45]  ZnTriPPBPin (68, 
20.14 mg, 0.028 mmol), Cs2CO3 (11.0 mg, 0.0338 mmol) and Pd(dppp)2 (5.3 mg, 
0.0063 mmol) were placed in an oven-dried Schlenk flask.  The flask was evacuated and 
filled with argon thrice before dry DMF (1 mL) and dry toluene (1.5 mL) were added.  
Three freeze-pump-thaw degas cycles were performed before degassed C2H2Br2 in 
toluene (50 µL of a 2.4% solution, 0.015 mmol) was added and the reaction mixture 
allowed to stir.  The reaction progress was monitored by TLC, eluting with THF/hexane 
(1:2).  After two days the spot corresponding to the starting material was still present on 
the TLC plate, so the temperature was increased to 80°C.  After another four days, the 
concentration of the starting material in the reaction mixture was still considerable, so an 
additional aliquot of C2H2Br2 in toluene (50 µL) and more Pd(dppp)2 (6.2 mg, 0.0073 
mmol) were introduced to the reaction mixture in an attempt to form the mono-
bromovinylporphyrin (71).  After another two days at 80°C, there was still starting 
material present, and a spot on the baseline was becoming more concentrated.  The 
reaction mixture was allowed to cool, diluted with toluene (10 mL).  The organic layer 
was separated, washed with water (2 × 10 mL), dried over anhydrous Na2CO3, filtered 
and the solvents were removed.  The residue was dissolved in THF/hexane (1:2) and 
purified by column chromatography, changing the eluent to THF/hexane 1:1 after elution 
of the first band.  Analysis of the fractions by 1H NMR showed the ZnTriPPBPin (68) 
starting material and ZnTriPP (50) to be present, as well as small amounts of many 
unidentified porphyrin compounds. 
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7.3.4 Synthesis of 1,2-Bis[10,15,20-triphenylporphyrinatozinc(II)-5-
yl]acetylene (ZnTriPP-C≡C-ZnTriPP, C) and 1,4-bis[10,15,20-
triphenyl-porphyrinatozinc(II)-5-yl]butadiyne (ZnTriPP-C≡C-C≡C-
ZnTriPP, 49) 
N
N N
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7.3.4.1 Using calcium carbide 
The method used was adapted from that reported by Chuentragool et al.[69]  CuI (1.88 
mg, 0.010 mmol), Pd(OAc)2 (1.35 mg, 0.006 mmol) and PPh3 (2.1 mg, 0.008 mmol) 
were placed in a small Schlenk tube equipped with a stirrer bar and acetonitrile (2.5 mL) 
was added before the mixture was degassed with argon for 20 minutes.  Et3N (26 µL, 
0.186 mmol), ZnTriPPI (48, 47.8 mg, 0.0559 mmol) and CaC2 (21.78 mg, 0.271 mmol) 
were then added, and the deep forest green mixture was allowed to stir at room 
temperature under argon.  The reaction progress was monitored by TLC (CHCl3) and 
after two days, the starting material was still present, but a faint polar spot was also 
visible on the plate.  The concentration of the latter did not appear to be increasing so the 
reaction was stopped.  The reaction mixture was diluted with DCM and purified by a 
silica gel plug.  The main fraction contained the ZnTriPPI (48) starting material, and 
upon later inspection, a very small amount of the ZnTriPP ethyne dimer C.  The more 
polar compound came off the silica gel plug with THF, however it was not identified, 
and was contaminated with plasticiser. 
7.3.4.2 By Stille coupling 
The method used was adapted from that reported by Fortage et al.[50b]  ZnTriPPBr (40b, 
16.95 mg, 0.0249 mmol), CuI (1.59 mg, 0.00835 mmol) and fresh Pd(PPh3)4 (5.02 mg, 
0.0043 mmol) were placed in a Schlenk tube and dried under vacuum before the tube 
C 
49 
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was filled with argon.  Sure/Seal™ DMF (1.5 mL) was added via a dry, argon-filled 
syringe and the mixture was degassed with argon for 5 minutes.  Four freeze-pump-thaw 
degas cycles were performed, and the tube filled with argon.  (Me3Sn)2C2 (4.33 mg, 
0.0123 mmol) was added, and the reaction mixture heated to 110°C under argon.  
Reaction progress was monitored by TLC, eluting with ethyl acetate/hexane (1:2), and 
after 7 hours the starting material appeared to be consumed.  The reaction mixture was 
allowed to cool and diluted with DCM before the organic layer was separated, washed 
with water (4 × 20 mL), dried over anhydrous Na2SO4, filtered and solvents removed.  
The crude reaction mixture was dissolved in ethyl acetate/hexane (1:2) and purified by 
column chromatography, although separation of the ethyne dimer and butadiyne dimer 
that had been formed was not achieved.  By 1H NMR, the ratio of ethyne:butadiyne 
products was 1.8:1.  The fractions were therefore combined, solvents removed and the 
residue dissolved in 2% methanol, 40% DCM and 60% hexane and again run through a 
silica gel column.  This afforded separation of the ethyne from the butadiyne, although 
some fractions contained a mixture of ethyne and butadiyne.  The fractions containing 
the pure ethyne dimer were recrystallised from DCM/pentane to afford a dark powder 
(2.6 mg, 17%). C:  1H NMR δ: 10.45 (4H, d, J 4.65, β H); 9.11 (4H, d, J 4.65, β H); 8.84 
(4H, d, J 4.65, β H); 8.82 (4H, d, J 4.65, β H); 8.27 (8H, d, J 6.2, lateral o-phenyl H); 
8.20 (4H, d, J 6.2, distal o-phenyl H); 7.78-7.73 (18H, m, m,p-phenyl H).  13C NMR δ: 
187.95, 143.09, 134.57, 134.41, 126.44, 122.02, 107.91.  UV/vis (toluene): λmax / nm (ε / 
103 M-1cm-1) 414 (118), 449 (81.1), 482 (318), 550 (16.7), 694 (55.9).  Raman: λmax / cm-
1 (intensity) 2161 (s), 1539 (m), 1515 (w), 1451 (w), 1421 (w), 1349 (s), 1291 (w), 1231 
(vw), 1099 (w), 904.6 (s), 442.2 (m), 386.1 (m), 262.9 (w), 224.4 (w).  m/z (MALDI): 
1225.5 ([M+H]+, C78H47N8Zn2+ calc. 1225.2).  49: 1H NMR δ: 9.97 (4H, d, J 4.6, β H); 
9.03 (4H, d, J 4.6, β H); 8.81 (8H, s, β H); 8.25-8.23 (8H, m, lateral o-phenyl H); 8.21-
8.19 (4H, m, distal o-phenyl H); 7.79-7.74 (18H, m, m,p-phenyl H).  m/z (MALDI): 
1253.2 ([M]+, C80H46N8Zn2+ calc. 1248.2); 602.5 ([M-C44H20N4Zn+H]+, C38H25N4Zn+ 
calc. 601.1) 
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7.3.5 Attempted synthesis of 1,2-Bis[10,15,20-triphenylporphyrinato-
zinc(II)-5-yl]acetylene (ZnTriPP-C≡C-ZnTriPP, C) by oxidation of 
ZnTriPP-CH=CH-ZnTriPP (B) 
ZnTriPP ethene dimer (B, 8.0 mg, 0.0065 mmol), DDQ (1.71 mg, 0.0633 mmol) and 
toluene (5 mL) were placed in a 100 mL flask equipped with a stirrer bar and allowed to 
stir at room temperature.  The reaction progress was monitored by TLC, eluting with 
DCM and a drop of pyridine.  After 24 hours, the TLC plate suggested that the starting 
material was consumed, so the reaction was stopped and the solvent was removed.  The 
residue was dissolved in CHCl3 and purified by column chromatography, but the only 
compound obtained was the ZnTriPP ethene dimer starting material, which was not 
apparent on the TLC plates. 
 
7.3.6 General acid-catalysed imine synthesis 
Aminoporphyrin (1 eq) and formylporphyrin (1 eq) were placed in a 50 mL flask 
equipped with a stirrer bar and water removal apparatus containing 3 Å molecular sieves 
(Figure 4.1) and dried under high vacuum.  The system was filled with argon before acid 
(10 eq) and dry toluene or xylene (25 mL) were added and the mixture brought to reflux.  
Monitoring of the reaction by TLC (2.5% MeOH in CHCl3 with a drop of pyridine) was 
in some cases misleading, so aliquots were removed and analysed by 1H NMR at regular 
time intervals. 
7.3.6.1 1,N-Bis[10,15,20-triphenylporphyrinatozinc(II)-5-yl]iminomethine 
(ZnTriPP-N=CH-ZnTriPP, D) 
N
N N
N
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Ph
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The general method above was followed, using ZnTriPPNH2 (59, 17.92 mg, 0.02904 
mmol), ZnTriPPCHO (60, 17.85 mg, 0.02833 mmol), toluene and ZnBr2 (67.74 mg, 
0.2996 mmol).  The reaction mixture was heated under reflux for two days, at which 
point the aliquot taken for 1H NMR analysis showed the aminoporphyrin to be 
D 
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consumed.  The reaction mixture was cooled and solvents evaporated before the residue 
was dissolved in 1% pyridine, 25% hexane and 75% CHCl3 and purified by column 
chromatography.  The first green band contained the ZnTriPP imine dimer (crude yield 
19.7 mg, 57%).  The next green band contained ZnTriPPCHO (60, 9 mg, 25%), and the 
compound in the final green band was unidentified.  The imine dimer was recrystallised 
from CHCl3/pentane to give a dark powder (11.8 mg, 34%).  1H NMR δ: 11.54 (1H, bs, 
imine H); 10.50 (2H, d, J 3.6, β H); 9.85 (2H, d, J 3.6, β H); 9.08 (2H, d, J 3.6, β H); 
8.95 (2H, d, J 3.6, β H); 8.84-8.79 (8H, m, β H); 8.24-8.20 (12H, m, o-phenyl H); 7.74-
7.73 (18H, m, m,p-phenyl H).  13C NMR δ: 149.89, 149.56, 143.34, 134.52, 134.37, 
134.27, 134.09, 132.04, 131.41, 127.45, 127.18, 126.45, 126.38, 122.57.  UV/vis 
(toluene) λmax / nm (ε / 103 M-1cm-1) 427 (213), 450 (217), 562 (24.6), 658 (24.8).  m/z 
(MALDI): 1227.7 ([M]+, C77H47N9Zn2+ calc. 1227.3); 599.3 ([M-C39H24N5Zn]+, 
C38H23N4Zn+, calc.599.1). 
7.3.6.2 1,N-Bis[10,15,20-triphenylporphyrin-5-yl]iminomethine (H2TriPP-
N=CH-H2TriPP, 65) and 1-[10,15,20-triphenylporphyrin-5-yl]-N-
[10,15,20-triphenylporphyrinatoindium(III)-5-yl]iminomethine 
(InTriPP-N=CH-H2TriPP∙X, 67a) or 1-[10,15,20-triphenyl-
porphyrinatoindium(III)-5-yl]-N-[10,15,20-triphenylporphyrin-5-
yl]iminomethine (H2TriPP-N=CH-InTriPP∙X, 67b) 
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Method 1:  This method produced only the homonuclear free-base imine dimer 65.  The 
general method above was followed, using H2TriPPNH2 (62, 10.00 mg, 0.01806 mmol), 
H2TriPPCHO (54, 10.55 mg, 0.01862 mmol), xylene and TFA (14 µL, 0.180 mmol).  
65 
67a 67b 
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The reaction mixture was refluxed for two days, at which point the TLC indicated that a 
less polar product had formed and the amine was consumed or degraded.  The reaction 
mixture was allowed to cool and TEA (30 µL, 0.216 mmol) was added to neutralise the 
acid.  The reaction mixture was filtered and solvents removed before the residue was 
dissolved in CHCl3 and purified by column chromatography.  The first main band 
contained the free-base imine dimer, and the next main band contained the H2TriPPCHO 
(53) starting material.  A number of other unidentified porphyrin products were also 
present, in very small amounts.  The free-base imine dimer was not recrystallised and the 
yield was not calculated due to the small scale of the reaction.  1H NMR δ: 11.42 (1H, s, 
imine H); 10.42 (2H, bs, β H); 9.78 (2H, d, J 4.55, β H); 9.06 (2H, d, J 4.55, β H); 8.94 
(2H, d, J 4.55, β H); 8.84-8.79 (8H, m, β H); 8.27-8.23 (12H, m, o-phenyl H); 7.80-7.77 
(18H, m, m,p-phenyl H); -1.87 (2H, bs, inner N H); -2.04 (2H, bs, inner N H).  m/z 
(MALDI): 1101.7 ([M+H]+, C77H52N9+ calc. 1102.4); 538.2 ([M-C39H25N5+H]+, 
C38H27N4+ calc. 539.2). 
Method 2:  This method produced the homonuclear free-base imine dimer 65 and the 
heteronuclear free-base/indium imine dimer 67a/b.  The heteronuclear dimer is a pure 
structural isomer, but the identity of the isomer is not known.  The general method above 
was followed, using H2TriPPNH2 (59, 8.66 mg, 0.0156 mmol), H2TriPPCHO (60, 7.28 
mg, 0.0128 mmol), toluene and In(OTf)3 (7.34 mg, 0.0131 mmol, 1 eq).  The reaction 
mixture was refluxed for five days, at which point both of the starting materials were still 
present on the TLC plate, but a faint, less polar spot was seen, as well as a faint spot with 
a polarity between that of the starting materials.  The reaction mixture was allowed to 
cool and diluted with DCM.  The organic layer was washed with water (3 × 50 mL), 
dried over anhydrous Na2SO4, filtered and solvents removed.  The residue was dissolved 
in 1% TEA in CHCl3 and purified by column chromatography.  The first main band 
contained the H2TriPPCHO (60) starting material and the H2TriPP imine dimer.  The 
next main band contained the H2TriPPNH2 (59) starting material, and the final main 
band contained the free-base/indium imine dimer (67a/b).  Due to the small scale of the 
reaction, the products were not recrystallised and the yields were not calculated.  
67a/b: 1H NMR δ: 11.58 (1H, s, imine H); 10.46 (2H, bs, β H); 9.95 (2H, d, J 4.34, β H); 
9.12 (2H, d, J 4.82, β H); 9.06 (2H, d, J 4.82, β H); 9.03 (2H, d, J 4.34, β H); 9.00 (2H, 
d, J 4.34, β H); 8.82 (2H, d, J 4.82, β H); 8.77 (2H, d, J 4.34, β H); 8.45 (2H, d, J 7, 
lateral o-phenyl H of In(III) ring); 8.34 (1H, bs, distal o-phenyl H of In(III) ring); 8.26-
8.21 (6H, m, o-phenyl H of 2H ring); 8.16 (1H, d, J 7, distal o-phenyl H of In(III) ring); 
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8.10 (2H, d, J 7, lateral o-phenyl H of In(III) ring); 7.79-7.72 (18H, m, m,p-phenyl H); -
1.81 (2H, s, inner N H).  13C NMR δ: 168.93, 149.02, 141.90, 134.38, 127.97, 126.91, 
126.79, 122.26.  UV/vis (toluene): λmax / nm (relative intensity) 430 (1), 472 (0.821), 
526 (0.126), 576 (0.133), 628 (0.166), 690 (0.143).  m/z (MALDI): 1213.8 ([M]+, 
C77H49InN9+ calc. 1214.3); 650.4 ([M-C39H26N5]+, C38H23InN4+ calc. 650.1). 
 
7.3.7 General imine synthesis using microwave irradiation 
Aminoporphyrin (1 eq), formylporphyrin (1 eq), toluene (2 mL), TFA (0.1-1 eq) and in 
some cases 3 Å molecular sieves were placed in a microwave vial.  The microwave vial 
was then capped and placed in the microwave reactor where it was heated to 150°C for a 
period of one hour.  The reaction progress was monitored by TLC, eluting with 2.5% 
methanol in CHCl3 and a drop of pyridine when zinc porphyrins were used.  In some 
cases, the vial was returned to the microwave for additional reaction time.  The reaction 
mixture was then diluted with DCM and neutralised with saturated NaHCO3.  The 
organic layer was then washed with water (3 × 20 mL), dried over anhydrous Na2SO4, 
filtered and solvents removed. 
7.3.7.1 1,N-Bis[10,15,20-triphenylporphyrinatonickel(II)-5-yl]iminomethine 
(NiTriPP-N=CH-NiTriPP, 63) 
N
N N
N
Ph
Ph
Ph
NNi
N
N N
N
Ph
Ph
Ph
Ni
 
The general method above was followed, with NiTriPPNH2 (61, 10.1 mg, 0.0165 
mmol), NiTriPPCHO (29, 10.3 mg, 0.0165 mmol), toluene and TFA (1 µL, 0.00162 
mmol).  After one hour in the microwave reactor, no product formation was seen by 
TLC, so more TFA (10 µL, 0.0162 mmol) was added and the vial returned to the 
microwave for an additional hour.  Analysis of the reaction mixture by TLC then 
indicated that some less polar product had been formed and the amine was consumed or 
degraded.  The reaction mixture was worked up according to the general procedure and 
the residue was dissolved in 50% CHCl3 in hexane and separated by column 
chromatography.  The first main band contained the NiTriPP imine dimer product, and 
63 
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after its elution the eluent was changed to CHCl3.  The next main band contained both of 
the starting materials, although the presence of NiTriPPNH2 (61) was not apparent by 
TLC.  The imine dimer was recrystallised from DCM/MeOH to give a dark powder 
(3.79 mg, 19%).  1H NMR δ: 10.37 (1H, s, imine H); 10.12 (2H, d, J 5.5, β H); 9.56 (2H, 
d, J 4.71, β H); 8.93 (2H, d, J 4.71, β H); 8.85 (2H, d, J 5.5, β H); 8.70-8.66 (8H, m, 
β H); 8.05-8.00 (12H, m, o-phenyl H); 7.72-7.68 (18H, m, m,p-phenyl H).  13C NMR δ: 
143.52, 141.97, 140.17, 134.74, 133.61, 133.53, 133.47, 132.54, 132.31, 131.97, 127.98, 
127.72, 127.04, 126.96, 30.09, 29.72.  UV/vis (toluene): λmax / nm (ε / 103 M-1cm-1) 421 
(138), 449 (133), 531 (28.9), 632 (25.7).  m/z (MALDI): 1211.7 ([M]+, C77H47N9Ni2+ 
calc.1213.3); 591.3 ([M-C39H24N5Ni]+, C38H23N4Ni+ calc. 593.1). 
7.3.7.2 1-[10,15,20-triphenylporphyrinatozinc(II)-5-yl]-N-[10,15,20-
triphenylporphyrin-5-yl]iminomethine (H2TriPP-N=CH-ZnTriPP, 64) 
N
NH N
HN
Ph
Ph
Ph
N
N
N N
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The general method above was followed, using H2TriPPNH2 (62, 11.1 mg, 0.0200 
mmol), ZnTriPPCHO (60, 12.7 mg, 0.0202 mmol), toluene and TFA (0.00324 mmol).  
After one hour in the microwave reactor, the TLC indicated that both starting materials 
were still present, so additional TFA (0.00324 mmol) was introduced to the reaction 
mixture and the vial was returned to the microwave reactor for another hour.  This 
process was repeated another three times, and each time the fast-eluting product spot on 
the TLC plate was a little more concentrated.  The reaction mixture was worked up 
according to the general procedure and the residue was dissolved in 1% pyridine, 2% 
methanol in CHCl3 and separated by column chromatography.  The first green band 
contained the free-base/zinc imine dimer, the second green band contained the 
ZnTriPPCHO (60) starting material, and the third band the H2TriPPNH2 (62) starting 
material.  The free-base/zinc imine dimer was recrystallised from DCM/pentane to give a 
dark powder (0.57 mg, 2.5%).  1H NMR δ: 11.52 (1H, s, imine H); 10.48 (2H, d, J 4.55, 
β H); 9.83 (2H, bs, β H); 9.10 (2H, d, J 4.55, β H); 8.93 (2H, d, J 3.99, β H); 8.86-8.80 
(8H, m, β H); 8.28-8.25 (12H, m, o-phenyl H); 7.77-7.76 (18H, m, m,p-phenyl H).  Mass 
64 
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spectral and CHN analysis data were not obtained due to the small amount of dimer 
produced. 
7.3.7.3 Attempted synthesis of 1,N-Bis[10,15,20-triphenylporphyrinatozinc(II)-
5-yl]iminomethine (ZnTriPP-N=CH-ZnTriPP, D) 
The general method above was followed, using ZnTriPPNH2 (59, 10.19 mg, 0.0165 
mmol), ZnTriPPCHO (60, 10.51 mg, 0.0167 mmol), toluene, TFA (0.00162 mmol) and 
3 Å molecular sieves.  After one hour in the microwave reactor, the aminoporphyrin 
appeared to be consumed or degraded by the TLC plate, and no product was apparent.  
The reaction mixture was worked up according to the general method above, and the 
residue was dissolved in 1% pyridine, 2% methanol in CHCl3 and purified by column 
chromatography.  The ZnTriPPCHO (60) starting material was the only compound 
recovered from the column. 
 
7.3.8 Attempted synthesis of 1,N-Bis[10,15,20-triphenylporphyrinato-
zinc(II)-5-yl]iminomethine (ZnTriPP-N=CH-ZnTriPP, D) following 
the method of Screen et al.[53] 
ZnTriPPNH2 (59, 29 mg, 0.047 mmol), ZnTriPPCHO (60, 30 mg, 0.048 mmol), 
pyridine (7 µL), toluene (25 mL) and Amberlite® IR-120H ion-exchange resin (31 mg) 
were placed in a 100 mL flask and brought to reflux over a water removal apparatus 
(Figure 4.1) containing 3 Å molecular sieves.  Reaction progress was monitored by TLC, 
elution with 2.5% methanol in chloroform with a drop of pyridine, and after nine days a 
side product appeared to be forming.  The heat was therefore removed, reaction mixture 
allowed to cool and TEA (1.5 mL) added before filtering and solvent removal.  A silica 
gel column was run to separate the components of the mixture, eluting with CHCl3.  The 
main fraction off the column contained the ZnTriPPCHO (60) starting material, while 
the other coloured fractions contained small amounts of numerous unidentified 
porphyrin and non-porphyrin compounds. 
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7.3.9 Synthesis of 1,2-Bis[10,15,20-triphenylporphyrinatozinc(II)-5-
yl]diazene (ZnTriPP-N=N-ZnTriPP, E) by copper-catalysed coupling 
N
N N
N
Ph
Ph
Ph
NZn
N
N
N N
N
Ph
Ph
Ph
Zn
 
The method followed that reported by Esdaile et al.[54]  ZnTriPPNH2 (59; 47.9 mg, 
0.0776 µmol), Cu(OAc)2∙H2O (10.5 mg, 0.0526 mmol), toluene (5 mL) and a drop of 
pyridine were placed in a pear-shaped flask and the green solution was heated at 80°C.  
Reaction progress was monitored by TLC, elution with 5% ethyl acetate in chloroform 
with a drop of pyridine.  The starting material was consumed after three hours, at which 
point the solution had turned a red/brown colour.  The reaction mixture was then washed 
with water (3 × 10 mL), dried over anhydrous Na2SO4, filtered and solvents removed.  
The crude mixture was recrystallised from DCM/pentane to give a dark purple powder 
(40.8 mg, 85%).  1H NMR δ: 10.33 (4H, d, J 4.7, β H); 8.95 (4H, d, J 4.7, β H); 8.70-
8.68 (8H, overlapping d, β H); 8.19-8.17 (8H, m, lateral o-phenyl H); 8.13-8.11 (4H, m, 
distal o-phenyl H); 7.68-7.65 (18H, m, m,p-phenyl H).  UV/vis (toluene): λmax / nm (ε / 
103 M-1 cm-1) 423 (106), 494 (112), 546 (21.9), 800 (26.9).  These data agree with those 
reported by Esdaile et al.[54] 
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8 Conclusions and Future Work 
8.1 Conclusions 
Four of the five dimers that were the aim of this project have been synthesised in good 
yields.  They have therefore been characterised by 1H and 13C NMR spectroscopy 
(including selected 2D experiments), UV/visible absorption and fluorescence emission 
spectroscopy, and mass spectrometry.  This has enabled comparison of the efficacy of 
the bridging units in extending the conjugation between the two porphyrin units, keeping 
the substituents and metal core consistent. 
Although a range of synthetic methods was attempted to synthesise the ZnTriPP ethane 
dimer A, none have been successful to date.  This prevented the pseudo-negative control 
from being compared with the remaining dimers.  In the process of attempting to 
synthesise the dimer, four novel monomers (30, 36, 38b, 45) and a novel ether dimer 
with a three-atom bridge (37) were synthesised either intentionally or serendipitously, 
and have been characterised.  Further work in synthesising the ethane dimer will be 
discussed in the next section. 
The ZnTriPP ethene dimer B was synthesised in 50% recrystallised yield by CuI/CsF-
promoted double Stille coupling of ZnTriPPI (48) with bis(tributylstannyl)ethene.  
Although the dimer was not new, the novel synthesis improved greatly on the 10% yield 
reported by Locos et al.[45] for the Suzuki coupling synthetic route.  The UV/visible 
absorption and fluorescence emission spectra were recorded in toluene, and some very 
minor differences were seen compared to the spectra in CH2Cl2 reported by Locos et 
al.[45]  Comparison with the ethyne, imine and azo dimers led to the conclusion that the 
ethene is the least or possibly second least efficient bridge for electronic communication 
between the two porphyrin rings.  The steric hindrance between the bridge-protons and 
the neighbouring β-protons results in a twisted conformation that has severe effects on 
the planarity, and greatly diminishes the communication. 
The ZnTriPP ethyne dimer C was produced in recrystallised yields of up to 43% by the 
double Stille coupling of ZnTriPPI (48) with bis(trimethylstannyl)acetylene.  Although 
formation of the desired ethyne dimer was always accompanied by formation of the 
ZnTriPP butadiyne dimer 49, they were separable by column chromatography.  The side 
product (49) was also a novel compound, and has been characterised X-ray 
crystallography in addition to NMR and mass spectrometry.  The ethyne dimer has been 
characterised by 1H and 13C NMR spectroscopy (including 2D experiments), mass 
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spectrometry, and UV/visible absorption, fluorescence emission and Raman 
spectroscopy.  Comparison of this dimer with the ethene, imine and azo dimers proved it 
to be the second most efficient dimer at extending the conjugation between the two 
porphyrin rings.  There are no bridge protons, so the steric hindrance does not occur as in 
the ethene, and consequently the structure is much more planar, resulting in better 
communication. 
After a significant number of reactions, the ZnTriPP imine dimer D was synthesised in 
34% recrystallised yield by Lewis-acid-catalysed condensation of ZnTriPPNH2 (59) and 
ZnTriPPCHO (60), aided by the azeotropic removal of evolved water.  The dimer has 
thus been characterised by 1H and 13C NMR spectroscopy (including 2D experiments), 
mass spectrometry, and UV/visible absorption and fluorescence emission spectroscopy.  
In the synthetic process, two novel monomers were synthesised and characterised, 
namely H2TriPPCN (56) and H2TriPPNH2 (62).  Furthermore, four novel imine dimers 
were produced; the homonuclear nickel (63), homonuclear free-base (65), heteronuclear 
free-base/zinc (64) and heteronuclear free-base/indium (67a/b), all of which have been 
characterised by at least 1H NMR spectroscopy.  Although the TD-DFT calculations 
suggested the Q band may have charge-transfer nature, measurement of the UV/visible 
absorption spectrum in a number of solvents with differing polarities and/or 
nucleophilicities did not reveal a systematic trend.  Comparison of the zinc imine dimer 
D with the ethene, ethyne and azo dimers substantiated that the imine bridge was 
similarly effective to the ethene bridge in allowing communication between the two 
porphyrin rings.  Although the imine bridge only has one bridge-proton, and therefore 
less steric hindrance, the shorter imino double bond (when compared to C=C) seems to 
cause crowding around the bridge, resultant in a similar, if not more, twisted 
conformation of the imine dimer when compared to the ethene. 
The ZnTriPP azo dimer E was synthesised according to the literature,[54] with an increase 
in the mol% of copper catalyst and heating time resulting in an increased recrystallised 
yield (85% v 66.8%), with increased purity.  Comparison of the azo-bridged dimer with 
the ethene, ethyne and imine dimers proved it to be the most effective bridge at 
extending the conjugation from one porphyrin ring to the other.  The TD-DFT 
calculations also supported this, as it was found to contain the largest x/x splitting (filled 
orbitals), x*/x* splitting (unfilled orbitals), and smallest HOMO-LUMO energy gap.  
The azo bridge is superiorly effective due to the absence of additional atoms on the 
bridge, and the electronegative character of the sp2 nitrogen atoms. 
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The azo bridge is therefore the bridging unit of choice for the synthesis of porphyrin 
dimers, trimers and oligomers that are electronically coupled.  This has implications for 
the TPA applications of tracers, probes, sensors, photoactivation, drug delivery, 
photodynamic therapy, microfabrication, three-dimensional optical data storage, and 
optical limiting; and hence the design of such nonlinear optical materials. 
 
8.2 Future Work 
8.2.1 Possible Synthetic Routes to the Ethane Dimer 
As synthesis of the ethane dimer A was not achieved, the following synthetic routes 
provide possible alternatives.  Much of the formative ethane dimer work with OEP was 
completed using the nickel(II) or copper(II) complexes.  During the project, only the 
nickel(II) complexes were studied, but it is possible that the copper(II) complexes could 
provide more positive results.  The starting materials could be easily prepared by the 
insertion of copper into the free-base porphyrin monomers.  Treatment of the meso-
hydroxymethyl copper porphyrin 80 with TFA could produce the free-base ethane dimer 
32 directly, as given in Scheme 8.1.  Shul’ga and Ponomarev reported this synthesis for 
the OEP ethane dimer in 1988.[32] 
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Scheme 8.1  Proposed acid-catalysed coupling formation of 32 
Ponomarev also reported that the copper-complexed OEP ethane dimer could be formed 
by reduction of the copper meso-formylporphyrin by LiAlH4 in THF.[58]  The proposed 
synthesis for the analogous TriPP compounds is given in Scheme 8.2. 
80 
 
32 
 
  
155 
N
N N
N
Ph
Ph
Ph
N
N N
N
Ph
Ph
Ph
N
N N
N
Ph
Ph
Ph
Cu
THF
2
O LiAlH4
Cu
Cu
 
Scheme 8.2  Proposed reduction of CuTriPPCHO 
Another approach could be exploration of the meso-dimethylaminoporphyrins, omitting 
the step that involved washing the residue with water.  Since the intermediate is an 
iminium salt, it could be sensitive to water and/or air, which could have prevented the 
formation of the desired substituent.  Avoiding this step could therefore allow the 
reaction to proceed.  Synthesis of the copper complex rather than the nickel complex 
could also be studied, as Ponomarev has also reported this chemistry for OEP.[59]  The 
proposed synthesis of CuTriPPDMAM 84 according to the reported procedure is 
detailed in Scheme 8.3. 
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Scheme 8.3  Proposed formation of CuTriPPDMAM 
Heating the CuTriPPDMAM 84 in methyl iodide should then afford the copper ethane 
dimer 81, according to the procedure reported by Ponomarev,[58] as given in Scheme 8.4 
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Scheme 8.4  Proposed methyl iodide-mediated coupling of CuTriPPDMAM 
Upon obtaining the copper ethane dimer 81 by any of the aforementioned routes, 
demetallation with acid to the free-base dimer 32 should be readily achieved, followed 
by insertion of zinc into the porphyrin rings to give the desired dimer A, as detailed in 
81 
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84 
 
84 
 
81 
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Scheme 8.5.  These steps are similar to the route required for the conversion of the nickel 
ethane dimer 31 to the desired zinc dimer A that were given in Scheme 2.4. 
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Scheme 8.5  Proposed demetallation and re-metallation to produce ZnTriPP ethane dimer A 
Another possible synthetic route for the ethane dimer could be to investigate the copper-
catalysed ATRA reaction further, using a meso halomethyl porphyrin (35) as the starting 
material, according to the R-R termination step in Scheme 2.7 (reproduced below).  
Using either SmI2 or CuI as the radical initiator could prove this to be an interesting 
synthetic tool for porphyrin dimers connected via an ethane bridge. 
 
Scheme 8.6  (Scheme 2.7 reproduced) Proposed mechanism for copper-catalysed ATRA[60] 
81 
 
32 
 
A 
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8.2.2 Further Analysis of the Prepared Dimers 
Successful synthesis of the ethyne dimer was achieved towards the end of the laboratory 
work.  For this reason, the necessary control experiments for the Stille coupling have not 
been carried out.  From the reactions that were completed (see section 3.2), it is clear that 
shorter reaction times, fresh catalyst and pure, dry DMF result in higher yields of the 
zinc ethyne dimer C.  Scheme 3.3 is reproduced below for reference.  Some control 
experiments for the refinement of this reaction include studies with shorter reaction 
times to determine if the yield of C is increased and/or the formation of 49 is decreased.  
The role of air in the formation of 49 could also be investigated, and the inclusion of 
caesium fluoride in the reaction mixture, as reported for a similar reaction by Frampton 
et al.[43]  Variations of the haloporphyrin starting material could also be studied. 
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Scheme 8.7  (Scheme 3.3 reproduced) Synthesis of the ethyne-linked dimer by Stille coupling 
In addition to these reactions, further investigation of the promising calcium carbide 
reaction (reproduced below in Scheme 8.8) could allow synthesis of the ethyne dimer C 
without formation of the unwanted butadiyne 49 side product. 
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Scheme 8.8  (Scheme 3.5 reproduced)  Synthesis of the ethyne dimer using calcium carbide 
The imine dimer D was synthesised in the last few weeks of laboratory work, and the 
fluorescence lifetime and quantum yield measurements were not able to be recorded.  
Measurement of these would allow the fluorescence radiative rate and non-radiative rate 
to be calculated, which would provide insight into the severely diminished fluorescence 
of the imine dimer. 
40b  X = Br 
48  X = I 
C 
 
48 
 
C 
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Although every effort was made to grow crystals suitable for X-ray crystallography for 
each of the dimers, none was successful.  Crystal structures of the nickel(II) analogues of 
ethene dimer B and azo dimer E have been previously reported, however the ruffled 
conformations of the nickel-containing porphyrin rings are different from what is 
expected for the zinc(II) analogues.  Having the crystal structure of each dimer would 
give information about the solid state conformation and planarity, which could provide 
insight as to why the azo dimer is superior in extending the electronic communication. 
Unfortunately, nonlinear optical measurements of the dimers were not able to be carried 
out.  Although preliminary analysis of the two photon absorption of the ethene and azo 
dimers by the Z-scan method proved promising, conclusive data were not able to be 
collected.  Analysis of the four dimers using high intensity light of twice the wavelength 
of the Soret region absorptions should produce interesting NLO results. 
 
8.2.3 Synthetic Expansion 
In addition to the five dimers discussed in the Project Outline (section 1.4), expanding 
the series to include the following one- and two-atom bridges would result in a more 
comprehensive comparison of the influence of the contributing atoms of each bridge. 
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Although the one-atom amine, ether and sulphide-bridged porphyrin dimers do not 
contain a double bond, the lone pair of electrons on the nitrogen, oxygen and sulphur 
atoms respectively could contribute to the continued electronic communication from one 
porphyrin ring to the other.  They can also give insight into the effects of the individual 
atoms as components of the bridge, especially with regard to the degree of red-shifting of 
the Q band.  The two-atom amine, ether and sulphide bridges prevent continual sp2 
hybridisation between the two porphyrin units, which will severely limit the electronic 
communication.  This will allow insight into the effects of the contributing atoms of the 
bridges, and can allow comparison (especially in the case of the amine/imine) with the 
conjugating bridges consisting of the same or similar atoms.  All of these dimers may 
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also adopt conformations between the bridges and the rings that could aprove interesting 
for host-guest chemistry involving ligands co-ordinated to the zinc(II) centres. 
Due to the success of the acid-catalysed imine formation, synthesis of a number of 
heteronuclear dyads is possible by altering the starting materials.  The general synthesis 
is given in Scheme 8.9, and could be completed with a number of metalloporphyrin 
starting materials and differing Lewis acids.  Where ZnBr2 is used as the Lewis acid, if 
the free-base amino- or formylporphyrin are used, they would form the zinc complex of 
the respective porphyrin ring. 
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Scheme 8.9  Proposed synthesis of heteronuclear imine dimers 
The heteronuclear imine dyads should greatly increase the charge-transfer character of 
the Q band, and studies of this could have very interesting results, possibly leading to a 
long-lived charge-transfer state and useful NLO properties. 
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10 Appendices 
 
Table 10.1  Crystal data and refinement details for zinc butadiyne dimer 49 
Formula C100H66N12Zn2 
M 1566.43 
Crystal System monoclinic 
Space Group P21/c 
a / Å 23.659 (5) 
b / Å 18.037 (5) 
c / Å 18.416(5) 
α / ° 90.000(5) 
β / ° 81.522(15) 
γ / ° 90.000(8) 
V / Å3 7773(3) 
Dc / g cm-3 1.339 
Z 4 
Colour green 
Habit plate 
Dimensions 0.13 × 0.11 × 0.04 
µ(MoKα) / mm-1 0.676 
Tmin,max 0.569, 1.000 
Nind (Rint) 17490 (0.093) 
Nobs - (I > 2σ(I)) 7726 
Nvar 1067 
R1A 0.0890 
wR2A 0.1752 
A, B 0.035, 0 
GoF 1.001 
∆ρmin,max / e- Å-3 -0.679, 0.542 
A Reflections with [I > 2σ(I)] considered observed. R1 = 
Σ||Fo| – |Fc||/Σ|Fo| for Fo > 2σ(Fo) and wR2(all) = [Σ[w(Fo2 – 
Fc2)2]/Σ[w(Fc2)2]]1/2  where w = 1/[σ2(Fo2) + (AP)2 + BP], P 
= (Fo2 + 2Fc2)/3. 
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Table 10.2  Crystal data and refinement details for zinc aminoporphyrin 59 
Formula C43H30N6Zn 
M 696.10 
Crystal System triclinic 
Space Group P1� 
a / Å 10.8072(6) 
b / Å 11.7195(5) 
c / Å 14.9217(7) 
α / ° 78.987(4) 
β / ° 72.425(5) 
γ / ° 65.112(5) 
V / Å3 1629.91(16) 
Dc / g cm-3 1.418 
Z 2 
Colour red 
Habit block 
Dimensions 0.35 × 0.10 × 0.09 
µ(MoKα) / mm-1 1.376 
Tmin,max 0.89047, 1.00000 
Nind (Rint) 6106 (0.0356) 
Nobs - (I > 2σ(I)) 5044 
Nvar 457 
R1A 0.0392 
wR2A 0.0931 
A, B 0.0200, 0.8000 
GoF 1.041 
∆ρmin,max / e- Å-3 -0.542, 0.331 
A Reflections with [I > 2σ(I)] considered observed. R1 = 
Σ||Fo| – |Fc||/Σ|Fo| for Fo > 2σ(Fo) and wR2(all) = [Σ[w(Fo2 – 
Fc2)2]/Σ[w(Fc2)2]]1/2  where w = 1/[σ2(Fo2) + (AP)2 + BP], P 
= (Fo2 + 2Fc2)/3. 
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Table 10.3  Crystal data and refinement details for zinc formylporphyrin 60 
Formula C40H28N4O2Zn 
M 667.44 
Crystal System trigonal 
Space Group 𝑅3� 
a / Å 31.1030(7) 
b / Å 31.1030(7) 
c / Å 16.9946(4) 
α / ° 90.00 
β / ° 90.00 
γ / ° 120.00 
V / Å3 14237.9(7) 
Dc / g cm-3 1.401 
Z 18 
Colour red 
Habit prism 
Dimensions 0.20 × 0.13 × 0.10 
µ(MoKα) / mm-1 0.821 
Tmin,max 0.93496, 1.00000 
Nind (Rint) 7549 (0.0317) 
Nobs - (I > 2σ(I)) 5423 
Nvar 432 
R1A 0.0415 
wR2A 0.1849 
A, B 0.3700, 0 
GoF 0.424 
∆ρmin,max / e- Å-3 -0.662, 0.948 
A Reflections with [I > 2σ(I)] considered observed. R1 = 
Σ||Fo| – |Fc||/Σ|Fo| for Fo > 2σ(Fo) and wR2(all) = [Σ[w(Fo2 – 
Fc2)2]/Σ[w(Fc2)2]]1/2  where w = 1/[σ2(Fo2) + (AP)2 + BP], P 
= (Fo2 + 2Fc2)/3. 
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Table 10.4  Crystal data and refinement details for nickel formylporphyrin 29 
Formula C39H24N4NiO 
M 742.70 
Crystal System triclinic 
Space Group P1� 
a / Å 10.5220(9) 
b / Å 13.1810(10) 
c / Å 13.2376(12) 
α / ° 76.399(7) 
β / ° 83.907(7) 
γ / ° 67.230(8) 
V / Å3 1645.1(3) 
Dc / g cm-3 1.499 
Z 2 
Colour red 
Habit needle 
Dimensions 0.53 × 0.07 × 0.01 
µ(MoKα) / mm-1 0.874 
Tmin,max 0.61861, 1.00000 
Nind (Rint) 7668 (0.0966) 
Nobs - (I > 2σ(I)) 5221 
Nvar 460 
R1A 0.0833 
wR2A 0.2216 
A, B 0.1000, 1.5000 
GoF 1.039 
∆ρmin,max / e- Å-3 -1.229, 0.916 
A Reflections with [I > 2σ(I)] considered observed. R1 = 
Σ||Fo| – |Fc||/Σ|Fo| for Fo > 2σ(Fo) and wR2(all) = [Σ[w(Fo2 – 
Fc2)2]/Σ[w(Fc2)2]]1/2  where w = 1/[σ2(Fo2) + (AP)2 + BP], P 
= (Fo2 + 2Fc2)/3. 
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Figure 10.1  MALDI mass spectrum of zinc ethyne dimer C 
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Figure 10.2  MALDI mass spectrum of zinc imine dimer D 
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Figure 10.3  MALDI mass spectrum of nickel imine dimer 63 
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Figure 10.4  MALDI mass spectrum of free-base imine dimer 65 
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Figure 10.5  MALDI mass spectrum of free-base/indium imine dimer 67a/b 
 
